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Abstract 

Currently there is lack of knowledge on metabolomic changes that occur during 
expansion and osteogenic differentiation (OD) of MSCs. Some experiments have been 
performed where focus has been on how MSCs include oxidative phosphorylation 
(OxPhos) during OD and how it is possible to precondition cells to survive better in 
hypoxic situations but thorough, extensive data showing where the metabolomic changes 
are of significant importance is not to be found. By analysing the glucose-lactate 
consumption rate of MSCs from six donors in both expansion and OD the hope of this 
project is to provide preliminary data to give an indication of where and when during the 
processes metabolomic changes are of significant importance. The collected exometabolic 
data along with phenotype data will be used to build a preliminary constraint based model 
pair (OD and expansion) that help showcasing changes occurring and enable experiment 
design where LC-MS analysis on both endo- and exometabolomic data is used to define 
changes in metabolomics during expansion and OD.   
Promising preliminary models were generated for the first seven days of expansion and 
OD and first metabolic data results indicate possible existence of two different 
phenotypes over the course of OD, based on how glucose and lactate change over the 28 
days (glucose dropping clearly the last 14 days and lactate increasing accordingly). This 
gives an indication of a limited time period over the 28 days that deserves closer 
inspection with regards to the cells’ OD and will help to narrow the scope of future 
experiments and further evolvement of the computational model.  

 Expansion glucose-lactate consumption rate is near to expectation, excluding a 
clear drop in glucose noticed when cells reached end of proliferation without expected 
accompanying rise in lactate. This drop might be worthy of a closer look since it seems 
that the cells are taking up noticable amounts of glucose without an obvious use for it.  

 
Key words: Mesenchymal stem cells (MSCs), osteogenic differentiation (OD), 
computational model, glucose, lactate, consumption rate, metabolic analysis. 



	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	

	

Lýsing á neysluhlutfalls hraða milli glúkósa og laktasa í 
mesenkýmal stofnfrumum við fjölgun og beinsérhæfingu: 

Forsenda fyrir hönnun kerfislíffræði líkans fyrir 
beinsérhæfingu 

Þóra Björg Sigmarsdóttir 

Maí 2018 

Útdráttur 
	

Eins og stendur er skortur á þekkingu er varðar þær breytingar sem eiga sér stað í 
efnaskiptaferlum mesenkýmal stofnfrumna (MSCs) sem eru í beinsérhæfingu annarsvegar 
og skiptingu hinsvegar. Rannsóknir hafa verið gerðar á því hvernig mesenkýmal 
stofnfrumur innleiða oxunarfosfórun (e. oxidative phosphorylation) við beinsérhæfingu 
og hvernig hægt sé að skilyrða frumurnar til að þrífast betur í aðstæðum þar sem súrefni 
er af skornum skammti (e.hypoxic) líkt og þeim er fyrirfinnast í mannslíkamanum, en 
engin gögn liggja fyrir sem geta bent á hvar sérlega mikilvægar breytingar er að finna.  
Von þessa verkefnis er að þrengja leitina og nota til þess mældar breytingar í magni 
glúkósa og laktats hjá MSC frumum í bæði skiptingu og beinsérhæfingu frá 6 gjöfum 
semog að nýta umbrotsefnagögnin ásamt svipgerðar gögnum til að byggja tölvumódel 
sem á að geta varpað enn frekara ljósi á þær breytingar sem eiga sér stað í gegnum ferlin.  
Gögnin og módelin verða nýtt til þróunar frekari rannsókna þar sem stuðst verður við 
vökvaskiljunar-massagreiningu (LC-MS) á umbrotsefnum (e.metabolites) ínnan og utan 
frumuhimnunnar til að gefa nánari mynd af þeim breytingum sem eiga sér stað á hverjum 
tímapunkti í báðum ferlum.  
Efnileg módel voru búin til fyrir fyrstu sjö daga beggja ferla og fyrstu niðurstöður 
beinsérhæfingar benda til að tvær svipgerðir séu til staðar í gegnum beinsérhæfingu 
(byggt á því breytingum í magni glúkósa og laktata gegnum séhæfinguna en glúkósinn 
tekur markverða dýfu síðstu 14 dagana með tilheyrandi aukningu í laktati). Þessar 
niðurstöður stuðla ennfremur að þrengingu og hönnun næstu rannsókna og frekari 
þróunar tölvumódelsins.  
Fyrir frumur í venjulegri skiptingu voru breytingar í magni glúkósa og laktats eins og við 
mátti búast ef frá er talin mikil lækkun í glúkósa við lok skiptingar án sýnilegrar 
hækkunar í laktati. Ástæður þessarar lækkunar gæti verið æskilegt að rannsaka betur þar 
sem notkun glúkósans er ekki ljós. 
	

Lykilorð: Mesenkýmal stofnfrumur, beinsérhæfing, tölvulíkan, glúkósi, laktat, 
neysluhraði, umbrotsefnagreinig. 
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1 Introduction 
 

1.1 Regenerative medicine 
 

Seeking solutions for organs and tissues that have become permanently damaged as well as 
restoration of their structures and functions by replacement instead of symptom-treatment is 
the goal of todays’ Regenerative Medicine (RM).  
Regenerative Medicine as a field of work and study is quite a novel idea and indeed the 
way it is defined today is still in its infancy.  It is, however, worthy to remember the more 
distant past when reflecting on the progress the world has seen thus far in this field since it 
is obvious with the publication on the first human embryonic stem cell experiments in 1998 
that research did not stem from nothing. The history of study is both long and rich, reaching 
as far back as to Aristotle (who described regeneration of lizards and snake tails) before the 
first synthesis on regeneration studies was published in 1901 by the Nobel Prize winner 
Thomas Hunt Morgan[1]. Although many of his attempts at explanation on regeneration, 
development and differentiation of cells and their workings are quite unsatisfactory his 
summary served as foundation for further studies for decades. This history has brought the 
world the form of RM it experiences today. For many it can be unclear what constitutes RM 
and that is understandable since is has grown out of a great deal of diverse, already existing 
activities (surgery, surgical implants, biomaterial scaffolds) and hospital procedures (organ 
transplants) in addition to it relating to tissue engineering. With no distinct cut offs in any 
of the prior mentioned subjects it is probably most comprehensive to say that the central 
focus of RM is human cells and all of their workings. These cells may be somatic cells, 
adult stem cells, embryonic derived stem cells (EMS) or reprogrammed somatic cells that 
have been reprogrammed to act as embryonic stem cells and are called induced pluripotent 
stem cells. [1] [2] 

 Given the numerous types and complex nature of medical related problems RM faces it is 
fairly clear that no single field of study will be able to work out a usable solution. Instead it 
sees experts in biology, chemistry, computer science, engineering, genetics, medicine, 
robotics and yet other fields coming together and forming collaborations that aim to change 
lives.  
As briefly mentioned RM arises from various pre-existing subjects and activities but 
broadly it can be divided into three categories of concentration (though overlaps between 
section are very common) [3]: 
 
1. Cellular Therapies  

i. One of the most common cell therapies good enough to be used today is 
Hematopoietic stem cell transplantation, also called bone marrow transplant. It 
is used to treat various types of blood cancers and other hematologic conditions. 
[4] 

ii. Injections of progenitor cells into knee joints is a new strategy that is still in its’ 
trial stages and are there hopes that is will repair degenerative cartilage. [5] 

iii. Other possible future applications of stem cell therapies are as treatments for 
cancers, autoimmune diseases, rebuilding damaged cartilage in various joints, 
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repairing spinal cord injuries, improving a weakened immune systems and 
helping patients that have neurological disorders. The role of stem cell in RM is 
covered more thoroughly in section 1.1.1 and stem cells in general will be better 
covered in section 1.2 [4] 

2. Medical Devices and artificial organs 
i. Most medical devices and artificial organs used as a part of RM today are only 

capable of assisting already failing or partially damaged organs, not replacing 
them or regenerating them. Examples of these devices are artificial limbs, 
cochlear implants, left ventricular assist devices (a battery powered pump that 
assists a sick heart) and the more recent bio-artificial liver that can support 
patients with liver failure until it can regenerate or a liver transplant is possible 
(this stretches into tissue engineering and biomaterials as well). [3] [6]  

3. Tissue engineering and Biomaterials 
i. The definition of a biomaterial says that it can be any biological or a synthetic 

substance (or a combination) which can be introduced into body tissue for any 
period of time as a part of medical device or to be used to replace any tissue, 
organ or a bodily function in order to maintain or improve the quality of life of 
the individual. Biomaterials are further classified into three distinct categories 
given how tissues react[7]: 

i. Biotolerant materials (separated from bone tissue by a layer of fibrous 
tissue) 

ii. Bioactive materials (can establish chemical bonds with bone tissue, also 
termed osseointegration.) 

iii. Bioinert materials (can, under some conditions, have direct contact with 
adjacent bone tissue but no chemical reactions takes place between the 
material and the tissue) 

ii. Currently the use of biomaterials is obvious in everyday medicine - joint 
replacements, intraocular lenses for eye surgery, bone cement, dental implants, 
blood vessel prosthesis, heart valves.[7] 

iii. Tissue engineering (TE) and biomaterials are very close ideas and one cannot be 
spoken of without mentioning the other. However, given the fact that TE often 
combines the use of stem cells and biomaterials it will be covered more 
thoroughly in section 1.1.2 

 
 Even though it has only been about three decades since RM emerged in the form it 
has today, a number of therapies (the ones mentioned above in addition to others) have 
gained Food and Drug Administration (FDA) approval or other official governmental 
approval and are therefore commercially available. Most currently available treatments are 
biologics, cell based medical devices and biopharmaceuticals with more on the horizon. 
From the progress that has been made over these relatively few years of research and practice 
it is evident that the field of modern RM is wide open and a new age in the medical and 
health industry has arrived. It is riddled with hindrances as well as opportunities but with the 
continuing great work of experts in various fields how can one help but believe that anything 
is possible. 
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1.1.1 Stem cells in Regenerative medicine 
When stem cells (SC) were discovered an ocean of new possibilities for treatment was 
opened. With a number of musculoskeletal, neurological, cardiovascular and brain related 
diseases being ill treatable via previous conventional ways the idea of cell-based therapy is 
considered as one the most promising tools modern RM has to offer [8]. In spite of this 
interest there are few examples of clinical applications to be found as yet. This is most likely 
due to both experimentally related problems (like cell apoptosis following implantation, high 
cost of cell culture, problems with carrier biomaterials and problems associated with in vitro 
cell expansion over many passages) as well as ethical ones. The type of SC used in RM can 
broadly be split into two categories: embryonic stem cells (ESCs) and non-embryonic adult 
stem cells. The earlier mentioned group has great potential of use for various treatments but 
due to several ethical questions and scientific considerations their use has been limited in 
clinical trials. The latter group, although thought to have lost its’ pluripotent capability, does 
come in strong. One of its’ strongest advantage is how much easier the harvesting is, the cells 
being derived from either bone marrow, adipose tissue, skin, dental pulp or even amniotic 
fluid.  
One of todays few on going clinical applications utilises one of these easily harvested SC, the 
bone marrow derived mesenchymal stem cells (BM-MSCs). These in particular have 
experimental and clinical data that supports their efficacy in the area of bone defect healing 
and bone formation enhancement and are there several clinical cases reported regarding 
treatment of bone loss (Table 1). [9]   
 
Table 1.1. Reported clinical uses of MSCs for bone tissue-engineering.	[9]	
Paper Site Pathology Biomaterial used Outcome 
Vacanti et al. 
(1999) 

Distal 
phalanx 

Traumatic 
avulsion 

Coral Only 5% bone 
formation and 
25% strength 
regained 

Quarto et al. 
(2001) 

Tibia, ulna, 
humerus 

Critical 
 size defect. 

Hydroxyapatite 
(HA) 

Good 
integration 

Warnke et al. 
(2004) 

Mandible Tumour Titanium, bone, 
bone 
morphogenetic 
protein (BMP) 

Good 
integration and 
bone formation 

Ohgusi et al. 
(2005). 

Ankle  Ankle  
arthritis 

Alumina 
Ceramic 

Good bone 
formation 
around 
arthroplasty 

Morishita et al. 
(2006) 

Tibia, 
femur 

Bone  
tumours 

HA HA not 
resorbed and 
good bone 
formation 

 
Another widely used application of SC in RM today is the transplantation of Haematopoietic 
stem cells (HSCs) as a potentially curative treatment for patients with cancer and various 
other disorders relating to the blood and immune system. Bone marrow (less and less used) 
or peripheral blood SC (becoming more commonly used) are infused into the patient’s 
bloodstream where they take up residence and begin growing and dividing to produce 
healthy red and white blood cells along with platelets. [10] [11]  



	

	 4	

Although not many clinical applications can be found on the use of SC in RM to date there are 
copious clinical trials on going in the field of cell therapy, along with preliminary research. 
There seems to be a notable trend on-going to find possible cell treatments for injuries and 
diseases relating to the eyes (most likely this has something to do with the relatively small 
number of cells needed and easy access when it comes to surgery though other factors will 
contribute), other on-going clinical trials worth mentioning are ones on-going in Australia 
focusing on the treatment of Parkinson’s disease and the ones going on in California relating to 
spinal cord injury. All of the aforementioned trials are in phase I/II.[12] 
 
1.1.2 Tissue engineering 
It was in 1933 that the concept of tissue engineering (TE) was first introduced by Biscgelie 
(although the term was not coined until 1988), when tumour cells collected from mouse were 
able to survive in a biocompatible polymer membrane [13]. Later on in the 1970’s, a 
paediatric orthopaedic surgeon of the name W.T. Green who was working at Boston’s 
Children’s Hospital carried out a number of experiments which essentially were the first 
attempts of what today is known as TE. He tried to generate new cartilage by implanting 
chondrocytes seeded on bone spitules in nude mice. He was unsuccessful in his endeavour 
but it is obvious that he had already realised that with the emergence of biomaterial science it 
would be possible to regenerate and produce tissues by loading or seeding viable cells onto 
‘smart’ engineered scaffolds – creating a new field of science [14]. In 1993 an article, written 
by Langer and Vacanti, came out in Science where the first official definition of TE was put 
forth: “ TE is an interdisciplinary field that applies the principles of both engineering and life 
sciences towards the development of biological substitutes that can restore, maintain or 
improve tissue function”[15]. 
It is important to realise the distinction between biomaterial science and TE as a field of its’ 
own. In classical biomaterial science the aim is to develop biocompatible materials that can 
then be used e.g. as artificial organs either permanently or as a temporary support. In the case 
of TE the role of the biomaterial (i.e. scaffold) is to be a carrier of biological entities like 
cells and biomolecules to a specific, targeted site in the body where they are then to 
biomanufacture a new tissue or an organ. [9][16] 
 Strategies utilised in TE today can roughly be divided into two main approaches. 
First, scaffolds can be used as a support device that cells are seeded onto in vitro; the cells 
are then encouraged by the scaffold and growth media to lay down matrix and produce tissue 
foundation that is then used in transplantation. The second approach involves using the 
scaffold as a drug or growth factor delivery system; in which case when implanted the 
scaffold recruits the bodys own cells to the scaffold where they form tissue all throughout the 
matrix. Often the two strategies are used together[17]. 
The scaffold architecture, composition and topography have to be carefully selected with the 
type of cell and final purpose in mind. These characteristics can affect where mineralization 
occurs on the scaffold in question, how the cells behave by modifying cytoskeleton 
arrangements and even elicit different kind of excretions since different cell types react to 
different materials.  
However important scaffolds may be to TE the other parts of the equation cannot be 
forgotten, the cells themselves. Over the past three decades tissue engineers have turned to 
almost every cell type in order to try and define the best cell source for each tissue 
construction. The main cell types that are currently used in TE are ESC and various types of 
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adult mesenchymal stem cells (MSCs), with the latter group more commonly used because of 
both immunological and ethical reasons. Of the types found in the latter group BM-MSCs 
and adipose derived mesenchymal stem cells (AD-MSCs) are the types most commonly used 
today due to their relatively easy availability and potential to differentiate into cell types of 
mesodermal origins (i.e. cartilage, bone, skeletal muscle and adipocytes) but this will be 
addressed more thoroughly in section 1.2.1. BM-MSCs are the same type of mesenchymal 
stem cell that was used in this project and will from now on be referred to as MSCs.  [17][18] 
Currently TE is utilised in several different clinical applications, some which can be seen in 
table 1 though most of them are still not commercially available. Other commercially 
available applications include e.g. reconstruction of the orbital floor in the craniofacial bone 
(crucial for binocular vision). Here titanium is most commonly used (disadvantage: 
migration of implant) but a shift towards degradable materials has been on-going 
(disadvantage: loss of mechanical strength leading to implant sagging)[19]. Another widely 
available application and perhaps one of the most common uses of TE today is in the 
treatment of burn injuries and chronic wounds. This is otherwise known as skingrafting. Two 
well-known examples of these kind of skin regeneration scaffold go by the names 
“Dermagraft” (Advanced Tissue Sciences) and “Apligraf” (Organogenesis). The production 
methods of these grafts are good examples of how TE strategies are applied to real life 
solutions [20]. 
In the case of Dermagraft stromal cells are seeded onto vicryl (a blend of polyglycolide and 
polylactide, produced by Johnson and Johnson) and the scaffold is then kept under optimal 
conditions in a bioreactor in order to give the cells time to multiply and produce collagen, 
extracellular matrix (ECM) and growth factors. After transplantation, when having served its 
purpose, the scaffold breaks down into glycolic and lactic acids that are carried away by the 
bloodstream and then metabolised. [20] 
Apligraf on the other hand is made by using two types of cells that can be found in living 
human skin, mainly epidermal keratinocytes and dermal fibroblasts, in combination with 
collagen. The whole preparation process takes no more than 20 days and at which time over 
200 000 units of Apligraf have been produced from a single piece of donated tissue (usually 
circumcised infant foreskin). The large amount of product that can be made from small 
sources of cells is one of the reasons this application can be so widely available. [20] Despite 
the currently limited supply of clinical applications in the field of TE there is no lack of on-
going studies, researches and clinical trials. In correlation to the rise in life expectancy and 
increase in obesity and age related osteoarthritis (OA) there are numerous on-going trials 
devoted to bone and cartilage TE and among those is this project.  
 

1.2 Stem cells 
 

Stem cells (SC) were first defined and claimed to exist in 1908 by a Russian histologist, 
Alexander Maksimov, as a part of his theory of haematopoiesis. According to his hypothesis 
all cellular blood components were derived from haematopoietic stem cells. Despite this first 
early mention of stem cells it is customary to say that the official demonstration on the 
existence of SCs does not occur until 1963 when a pair of Canadian scientists (J. E. Till and 
A. McCulloch) showcased that self-renewing cells can be found in the bone barrow of 
mice.[21] [22] [23].  
Nowadays it is commonly known that SCs are cells that have the unique ability to self-renew 
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and commit to various specific cell lineages in response to the appropriate stimuli. They can 
be divided into two groups based on their isolation site and how extensive their 
differentiation abilities are. In the first group are pluripotent SCs (PSCs), but pluripotency is 
generally described as a cells’ ability to differentiate into all three germ layers (mesoderm, 
ectoderm and endoderm)[24] [25]. In this first group are ESCs and induced PSCs (iPSCs). 
Those are adult SCs that have been reprogrammed to an embryonic stem cell-like state by 
introducing four embryonic transcription factors that are important for maintaining the 
essential properties of ESCs (first done in 2006 by Takahashi, Yamanaka et.al)[24]. The 
second group consists of multipotent SCs or adult SCs, these kind of cells have the ability to 
differentiate into all cell types within one particular lineage but have a greater capacity for 
that particular differentiation when compared to pluripotent ones.[26] 
There has long been some stigma around the use of some PSCs in research and practice, 
especially ESCs since they are isolated from the inner cell mass of the blastocyst during 
embryological development and so both their supply and use has been limited. This has 
caused scientists and researchers to turn ever more to the use of adult SCs or multipotent SCs 
which are much more easily available compared to PSCs. Adult SC can be found in almost 
any adult tissue type, e.g. bone marrow, peripheral blood, adipose tissue, nervous tissue, 
muscle, dental pulp and dermis [27].  
Under in vivo growth conditions, both self-renewal and differentiation of SCs is controlled 
by signals/signalling molecules that originate in their surrounding micro-environment (often 
termed niche). The microenvironment itself is composed of many different things, such as 
other cell types and various chemical, mechanical and topographical cues that	both serve to 
keep the cells in their undifferentiated state as well as to guide their differentiation when 
needed. Their niche is believed to serve as a sort of signalling mechanism that helps to 
determine cell-specific recruitment, proliferation, migration, differentiation and various 
protein production that is necessary for hierarchical tissue organisation. Another important 
factor that is observed in vivo and has to be thought of when working in vitro is the 
biological matrix that surrounds these cells. Its’ composition is tissue-specific and is 
comprised of insoluble proteins like collagens and fibronectins, glycosaminoglycans like 
hyaluronan and inorganic hydroxyapatite crystals (only applicable to bone). This collection 
of cell-surrounding material is commonly referred to as the cell’s extracellular matrix 
(ECM). The ECMs can vary greatly in composition but all have very important part to play 
in the life and developmental cycle of a SC. Through ligands and various growth factors it 
guides the cell’s behaviour and in what way it can attach to its’ surroundings, it provides 
both mechanical strength and physical architecture to the tissue the cells are supposed to 
form and combined with juxtacrine signalling it creates a signalling gradient that directs cell 
migration and cellular production of ECM components. From this it can be seen that SCs 
affect their environment just as their surrounding environment affects them.  
 
1.2.1 Mesenchymal stem cells 
The microenvironment of mammalian bone marrow is comprised of various elements that 
support hematopoiesis and homeostasis of bone, including a varied population of 
heterogeneous cells. Through the years bone marrow has been studied extensively with 
respect to hematopoietic stem cells (HSCs) and hematopoiesis. It was through culturing 
experiments of HSCs that stromal cells were discovered and, in the aftermath, isolated. The 
cells proved to originate from the mesodermal germ layer and were described as a part of the 
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hematopoietic-inductive microenvironment. Further studies showcased these cells to have 
stem-cell like abilities (marking them not as genuine stem cells, even though the term is used 
often) and that they were capable of differentiating into osteoblasts, chondrocytes and 
adipocytes. It has also been demonstrated that in addition to that, these cells are able to 
differentiate into myoblasts, neurons and astrocytes, both in vivo and in vitro[28]. Presently, 
these cells are known as mesenchymal stem or stromal cells or multipotent stromal cells and 
can be isolated from various tissues in the body and differentiated into cells of the 
mesodermal origin. [12] [29] Today mesenchymal stem cells can be derived from various 
sources in the body, both from adult tissue (like peripheral blood, cord blood, fat, heart tissue 
and the dental pulp) and neonatal tissue (particular parts of the placenta and umbilical 
cord).[30] This thesis will however focus on the aforementioned bone marrow derived 
mesenchymal stem cells as they are currently thought of as the gold standard and will the 
acronym MSCs be used when referring to them. 
On the whole the MSC population is heterogenic, with broad ranges of colony sizes and 
varying morphology within the cells (some appearing long and spindle-like whilst others are 
more flat and round, like disks)[31]. 
Classically, mesenchymal stromal cells are described as “postnatal, self-renewing and 
multipotent stem cells giving rise to all skeletal tissues”[29].  Those are the cells that form 
colonies and stromal progenies in vitro and, when transplanted, form miniature organoids of 
bone. The stromal cell types that are here termed MSCs and are used clinically, have a 
different definition due to their isolations sites varying from tissue type to tissue type. These 
cells are predominantly defined by their ability to adhere to plastic (like culture dishes or 
flasks) and all show common expression of some general fibroblastic markers along with the 
ability to modulate the host immuno system when transplanted.[12]  
Along with this general definition the International Society for Cellular Therapy has strongly 
encouraged the adoption of MSC criteria that can standardise the identification. Currently 
this criteria is as follows: 

I. MSCs must adhere to plastic when maintained in culture. 
II. MSCs must be positive for the surface antigens CD105, CD73 and CD90. 

III. MSCs must lack markers for monocytes, macrophages and B cells and expression of 
the hematopoietic antigens CD45 and CD34 

IV. MSCs must have the potential to differentiate into osteoblasts, adipocytes and 
chondrocytes under standard in vitro differentiating conditions[18] 

 
As mentioned one of MSCs unique abilities is to be able to modulate the host’s immune 
system or in other words to avoid immonudetection. They play an important role when it 
comes to suppression of activated T cell proliferation and their cytokine production. MSCs 
also increase regulatory T cells that dampen killer T cell attacks on unfamiliar cells or tissue. 
All this has made MSCs very useful in studies involving restriction of immune rejection in 
allogeneic grafting[12].  
Although there has, as yet, not been any identification of a unique marker that is singularly 
linked to MSCs in order to make their isolation more productive it can be said that the 
hallmark signature of MSCs is their tri-lineage differentiation potential. One of those is the 
osteogenic differentiation and will that be covered in section 1.2.1.1. The others are 
adipogenesis and chondrogenesis.  
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1.2.1.1 Osteogenic differentiation 
Differentiation of MSCs (and differentiation in general) can be said to be greatly dependant 
upon two things – local factors and regulatory pathways. The diverse differentiation 
pathways also have significant and important influences on each other by interaction and 
regulation, this has been observed both in vitro and in vivo. For example peroxisome 
proliferator-activated receptor factor gamma (PPARγ2), which is a positive promoter of 
adipogenic differentiation (AD) has a negative effect on OD by repressing the osteoblast-
specific transcription factor called runt-related transcription factor 2 (Runx2) and osteoblast 
gene expression (this has been observed in both murine and human MSCs). This supports the 
idea that there exists an important reciprocal relationship between the osteogenesis and 
adipogenesis, with pathways to one differentiation suppressing differentiation towards the 
other. This is of vital importance with regards to clinical medicine since it could shed some 
light on common age and lifestyle related diseases like diabetes and osteoporosis. 
 In vitro OD can be divided into few different stages. First there is cell proliferation, 
then comes differentiation and production of the ECM (mainly composed of Type 1 collagen 
and other bone matrix proteins) and finally there is progressive mineralization of those 
proteins. The whole process is highly complex and dependant upon various soluble factors 
and microenvironmental factors. Proliferation of MSCs can be promoted via various growth 
factors with just as variable efficacy. These are e.g. insulin-like growth factor (IGF), 
transforming growth factor (TGF), epidermal growth factor (EGF), connective tissue growth 
factor (CTGF) and fibroblast growth factor (FGF). OD is promoted by several hormonal and 
growth factors, many which act by increasing the activity of Runx2 and its’ downstream 
genes. Currently the combination of fibroblastic growth factor 2 (FGF-2) and dexamethasone 
is considered very favourable for use in vitro since they act synergistically to promote and 
maintain MSCs expansion without diminishing the potential for OD. Other important 
modulators for OD in vitro are bone morphogenic proteins (BMP-2,-4 or -7) with BMP-2 

being the most potent 
one in use, especially 
when used in 
combination with 
FGF-2. 
There are several 
signalling pathways 
that have been linked 
to proliferation and 
either OD or AD of 
MSCs, these can be 
seen in figure 1.1 
along with their 
corresponding key 
transcription factor. 
The most prominent 
one can be said to be 
the canonical Wnt 
pathway. That one has 
been proven to be of 

Figure	1.1.	Signaling pathways and key transcription factors in regulating the adipo-
osteogenic differentiation of MSCs. OPN: osteopontin, FZD: Frizzled receptor, Hh: 
Hedgehog, PTC:	Patched, Smo: Smoothened. [35] 
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critical importance for MSCs differentiation into osteoblasts with some of the proteins in this 
family augmenting the differentiation by binding to the 7-transmembrane domain-spanning 
Frizzled receptors (FZD) and LRP5/5 receptors and consequently stabilizing β-catenin by 
preventing its phosphorylation. The unphosphorylated β-catenin then translocates into the 
nucleus where it regulates target gene expression (it up regulates RUNX2). These same 
proteins can simultaneously hinder adipocyte differentiation, again showcasing the important 
reciprocal relationship between the various differentiations. [32][33] 
 
The OD of human MSCs that is performed in most labs is initiated by adding dexamethasone 
and/or BMP-2 to the regular growth medium, while ascorbic acid is added because it favours 
collagen metabolism and the addition of β-glycerophosphate (or other inorganic phosphate) 
allows for matrix mineralization.  
 
1.2.1.2 Bone formation 
Bones as a structure are derived from the paraxial mesoderm, with three distinct lineages 
generating the skeleton as a whole. The somites generate the axial skeleton, the lateral 
mesoderm generates the limb skeleton and the cranial neural crest is responsible for the 
branchial arch and craniofacial bones and cartilage[34]. Bone is classified as a composite 
material, made mostly out of calcium phosphate. It is relatively hard while still being light 
and is either considered as compact or cancellous. Compact bone, also termed cortical bone, 
accounts for almost 80% of the adult human skeleton and is found as the outer layer. The 
skeleton provides mechanical support, attachment for muscles and tendons and stores 
minerals. It is constantly kept in a delicate maintenance process through the carefully 
balanced workings of osteoblasts (the bone forming cells) and osteoclasts (the bone 
absorbing cells). [34][35] 
 

1.2.1.2.1 Developmental classification 
In the early stages of embryonic development the skeleton consists of fibrous membranes 
and hyaline cartilage. It isn’t until weeks six or seven that that bone development, or 
ossification, actually begins. There are two pathways for osteogenesis, 
intramembranous/mesenchymal ossification (IO) and endochondral/intracartelagenous 
ossification (EO). 
During IO the compact and spongy bone develops from sheets of undifferentiated 
mesenchymal connective tissue. The process starts when the MSCs in the embryonic 
skeleton assemble and start to specialise. Some differentiate into capillaries, some into 
osteogenic cells (later to become osteoblasts). The osteoblasts secrete osteoid, an uncalcified 
matrix, that calcifies over the course of a few days as mineral salts are deposited on it.  This 
entraps the cells, transforming them into osteocytes and this, again, causes more osteogenic 
cells in the surrounding environment to become osteoblasts. The osteoid matrix that is 
secreted around capillaries results in trabecular matrix while the osteoblasts that are placed 
along the surface of spongy bone transform into the periosteum. That in turns creates the 
protective layer of compact bone that is superficial to the trabecular one (this is the cortical 
bone). The trabecular bone ends up crowding nearby blood vessels that condense and form 
the red marrow. Bones formed in this fashion are for example the bones of the vault of the 
skull, the clavicles and facial bones. The facial bones are, in fact, the last bones to ossify via 
this method (usually ends around the age of 12) 
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EO starts in the second month of development (six to eight weeks after conception), uses 
hyaline cartilage as a model for the bone construction and takes much longer to finish than 
the IO. It is important to note that the cartilage does not turn into bone but instead is 
completely replaced by it, see figure 1.2[34] for visual representation of the process. Bones 
formed in this fashion are for example the bones in the base of the skull and long bones. In 
the formation of long bones, the process starts by the MSCs differentiating into chondrocytes 
that form the previously mentioned cartilage “skeleton”. Not long after this the 
perichondrium appears and as the matrix production increases so does the size of the 
chondrocytes that are placed in its centre. With the calcification of the matrix the 
chondrocytes become isolated from vital nutrients, leading to their death and subsequently 
disintegration of the surrounding cartilage.  This leaves empty space and cavities that are 

ideal for blood vessels 
carrying osteogenic cells 
to invade. The invasion of 
these blood vessels causes 
the cavities to grow bigger 
and bigger, resulting in 
the medullary cavity. The 
invasion of capillaries into 
the cartilage initiates the 
change from 
perichondrium to bone 
producing periosteum, 
where the osteoblasts 
form compact bone 
around the cartilage in the 
diaphysis. During the 
same time there is also the 
formation of the primary 
ossification centre deep 
within the forming bone, 
otherwise known as the 
starting point of 
ossification. As this 
happens in the centre 
chondrocytes and 
cartilage are growing non-
stop at the bone’s ends 
(most often referred to as 
epiphyses). This creates 

the bones longitude. At the end (before birth though) cartilage only remains at the joint 
surfaces (articular cartilage) and between the diaphysis and epiphyses (the epiphyseal plate, 
or “growth” plate). After birth the same sequence of events as has been described here occurs 
in this region, often also referred to as the secondary ossification centre. This helps long 
bones grow and is e.g. responsible for 
height and length of limbs.[34] 

	

Figure	 1.2.EO	 follows	 five	 steps.	 A)	 MSCs	 differentiate	 into	 chondrocytes.	 b)	
Cartilage	model	of	the	future	skeleton	and	the	perichondrium	form.	c)	Cappilaries	
penetrate	 cartilage	 and	 perichondrium	 transforms	 into	 perisoteum.	 Primary	
ossification	center	forms.	d)	Cartilage/chondrocytes	continue	to	grow	at	bot	bone	
ends.	e)	Secondary	ossification	center	forms	and	cartilage	remains	at	growth	plates	
and	joint	surfaces.	[36] 
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Bones of the body can thus be divided into three distinct groups dependant upon the 
pathways through which they are formed. The three groups are as follows:  

i. Membranous bones: ossify in the membrane via IO. E.g. facial bones and bones 
in the vault of the skull 

ii. Cartilagenous bones: ossify in the cartilage via EO. E.g. Bones of limbs, 
vertebral column and the thoracic cage. 

iii. Membrano-Cartilagenous bones: partially ossifies in membrane and partially in    
cartilage via both pathways. E.g. the clavicles, temporal bones and sphenoid 
bones[36] 

1.2.1.2.2  Osteogenic regulation and bone remodelling 
Although bone modelling in itself finishes when the growth plates close (around 13-15 years 
old for girls and 15-17 years old for boys [37] ) that does not mean  a static state for bones 
for the rest of an individuals life. The skeleton is a metabolically active organ undergoing 
continuous remodelling throughout an individuals’ life span in order to adjust the 
architecture in response to changing mechanical needs and minor and major fractures that 
form in the matrix (either by wear and tear or trauma). The constant remodelling also serves 
a role in maintaining the plasma calcium homeostasis.[38] The modelling process is 
controlled and regulated via systemic and local factors, the major systemic factors being e.g. 
parathyroid hormones (PTH), calcitrol, glucocorticoids and sex hormones along with other 
cytokines, prostaglandins and BMPs. In addition to this by using the RANK/receptor 
activator of NF-kappa B ligand (RANKL)/osteoprotegrin (OPG) system the bone 
resorption/formation are tightly bound processes, allowing the wave of bone formation to 
follow each bone resorption cycle and so maintaining the skeletal integrity. 
The bone remodelling cycle largely consists of three phases:  

i. Resorption: osteoclasts remove mineralised bone via digestion. 
ii. Reversal: mononuclear cells appear on the bone surface 
iii. Formation: osteoblasts lay down new bone until the resorbed part has been fully 

replaced 
 
Remodelling is a very important aspect of fracture healing (FH) which involves a very 
complex sequential set of regenerative events that aim to restore injured bone to its’ pre-
fracture condition.  There are two kinds of bone healing and the mode that is used is 

 [36]  

 [40] 

Figure	1.3.	Healing	of	fractures	in	stages.	1)	Fracture	hematoma:	Clot	forms	and	osteogenic	cells	form	granulation	tissue.	
2)	Soft	callus:	fibroblasts	produce	fibers	and	fibrocartilage.	3)	Hard	callus:	osteoblasts	produce	a	bony	collar	in	6	weeks.	
4)	Remodeling:	spongy	bone	is	replaced	by	compact	bone. 
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dependant upon the fracture stability (mechanical stability dictates the mechanical strain). 
Following initial trauma bone heals either by direct intramembranous healing (if gap between 
bone ends is less than 0.01 mm and interfragmentary strain is <2%), this is also called 
contact healing or indirect healing. Indirect healing, also known as gap healing, consists of 
both intramembranous and endochonral bone formation, with gap between bone ends being 
less than 800 µm to 1mm and the interfragmentary strain is usually between 2%-10%. The 
latter pathway is more common since direct healing requires external fixation and anatomical 
reduction - like when a femur breaks and has to be fixed in place before put into a cast. When 
the healing conditions are made stable the bone structure is able to immediately regenerate 
anatomical lamellar bone and the Haversian systems without any remodelling steps 
necessary. If no such stability is at hand the cascade of events is comprised of inflammation 
(which includes production and  
release of important molecules 
like PDGF, TNF-Alpha, IL-
1,6,10 and 12 and more) and 
recruitment of MSCs to generate 
a primary cartilaginous callus. 
The primary callus then 
undergoes revascularization and 
calcification and is then finally 
remodelled in order to fully  
restore the normal bone 
structure. [39][40] The process is 
shown in figure 1.3[40].  
From these numbers it is obvious 
that bone trauma that comes 
from removal of tumours, severe 
osteoarthritis or other such 
extremes is not healable through 
the bodys own capabilities.  A 
great part of on-going research 
on using OD MSCs in TE or RM 
is focused on helping the body to 
heal such major traumas and thus 
establishing skeletal integrity 
that otherwise would never be 
achieved again.  
 

1.3 Cellular metabolism 
Metabolism can be broadly defined as the sum of biochemical processes in a living organism 
that either consume or produce energy. Altogether this counts a total of 8700 reactions and 
16000 metabolites. It can be advocated that the most important metabolic pathways are the 
ones that handle nutrients like carbohydrates, fatty acids and amino acids – in other words 
ones that are essential in order to maintain energy homeostasis and the synthesis of 
macromolecules (note that we are always thinking about the human body and therefore 
human derived cells).  These pathways all together are often classified as the “core” 

.[44] 

Figure	1.4.	Glycolysis	simplified.	Placement	of	all	ten	steps	and	their	most	
important	aspects	[42] 



	

	 13	

metabolism which is an apt term since without them the energy required for life to continue 
would not be generated. These can be divided into three sections depending on their 
objective:  

i. Anabolism: Those pathways that synthesise or polymerise simple molecules to 
form their more complex forms. 

ii. Catabolism: Those pathways that are involved in molecule breakdown to release 
energy 

iii. Waste disposal: Those pathways that work to help eliminate the toxic waste 
products that are produced by pathways in ana-and catabolism. 

 
Most of these pathways have been studied in detail and some will be explained briefly in the 
following section. The most noteworthy of these are e.g. glycolysis, pyruvate oxidation, 
oxidative phosphorylation (OxPhos), the urea cycles and the dominance of ATP in energy-
transfer reactions.[41]  
 
1.3.1 Glycolysis 
Glycolysis is a catabolic extramitochondral pathway that is universal in living cells. It can be 
defined as a sequence of reactions that break down glucose (six-carbon molecule) into two 
molecules of pyruvate if aerobic (oxygen being plentiful) or lactate if anaerobic (oxygen 
being scarce) along with the ATP molecules (eight for the former one and two for the latter). 
The pathway is carried out by a group of eleven enzymes and the glucose breakdown can be 
divided into ten steps, see figure 1.4[42]. 
The ten steps can again be divided up into two phases: 
i. The prepatory phase: This phase covers the first five steps of glycolysis and is also 

known as the glucose activation phase. During this two ATP molecules are harvested 
and the hexose is phosphorylated and so converted into two glyceraldehyde-3-
phosphates. 

ii. The payoff phase: this phase covers steps six through ten and is also called the 
energy extraction phase, During this part the glyceraldehyde-3-phosphate is 
converted into pyruvate and coupled with that formation of ATP takes place. Here it 
is important to remember that there are two molecules of glyceraldehyde-3-
phosphate so each step in this payoff phase occurs twice. [43][44] 

 
To list the workings in all of the ten steps in a fairly comprehensive manner they have been 
put up in table 1.2. The net energy production of aerobic glycolysis is therefore two 
molecules of ATP and two molecules of NADH, while the net energy production of 
anaerobic glycolysis is only two molecules of ATP.[42]  
 
The most important thing to take from this is that glycolysis (aerobic or anaerobic) is the 
only pathway that takes place in every cell of the body, it may be considered as a preliminary 
step that comes before complete oxidation and it’s the only source of energy for erythrocytes. 
In addition to this the glycolytic pathway provides a carbon skeleton for synthesis of non-
essential amino acids and the glycerol part of fats.[43]  
 
At the end of glycolysis the pyruvate produced is actively pumped across the mitochondrial 
membrane and into the matrix where its oxidation occurs (applicable to eukaryotes). The 
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oxidation (carried out by pyruvate dehydrogenase complex) can be broken into three steps 
with the first step removing a carboxyl group from the pyruvate (releasing carbon dioxide) 
and leaving behind a two carbon molecule (an acetyl group). This acetyl molecule is then 
oxidised and the electrons that are lost are picked up by NAD+ to form NADH. In the third 
and final step the oxidised acetyl group it attached to the organic molecule Coenzyme A 
(CoA) to form acetyl CoA, a carrier molecule whose role (at least one mong many) is to 
carry the acetyl group to the Krebs cycle. The sum total of molecules transformed and 
released during pyruvate oxidation are thus as follows:  

i. Two pyruvate molecules are transformed into two acetyl CoA molecules. 
ii. Two carbon molecules out of six are released as carbon dioxide 
iii. Two NADH are generated from NAD+. 
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Table 1.2.	This table shows the most important molecules and happenings in each of the ten steps of 
glycolysis (the starting molecule, what happens in each step, the enzyme responsible, if energy is 
produced or used and what molecule exists at the end of each step). The phosphofructokinase-1 is put 
in red since it is the key enzyme in glycolysis, which regulates glucose breakdown.	
 

 
1.3.2 The Krebs cycle 
The Krebs cycle, or the citric acid cycle (also known as the tricarboxyl acid cycle) is the 
driving force for cellular respiration, accounting for almost two thirds of the total oxidation 

Step Starting 
molecule 

Reaction Enzymes End step molecule 

1 Glucose Uptake and 
phosphorylation of 
glucose 

Glucokinase and 
hexokinase. This 
step uses one 
ATP molecule. 

Glucose-6-phosphate  
(G-6-P) 

2 G-6-P Isomerization of G-
6-P to fructose-6-
phosphate 

Phosphohexose-
isomerase 

Fructose-6-phosphate  
(F-6-P) 

3 F-6-P Phosphorylation of 
F-6-P to fructose 1,6-
biphosphate 

Phospho-
fructokinase-1. 
This step uses  
one ATP 
molecule 

Fructose 1,6-
biphosphate  
(F-1,6-BP) 

4 F-1,6-BP Cleavage of F-1,6-
BP into two 3 carbon 
units 

Aldolase Glyceraldehyde-3-
phosphate (GAP) and 
dihydroxy acetone 
phosphate (DHAP) 

5 DHAP DHAP is converted 
into GAP which can 
go right into 
glycolytic pathway 

Triose-
phosphate-
isomerase 

GAP 

6 2 x GAP Phosphorylation of 
GAP to 1,3-
Biphosphoglycerate 

Glyceraldehyde-
3-phosphate 
dehydrogenase. 
NAD+ is reduced 
to NADH. 
Energy 
producing step 

1,3-biphosphoglycerate 
(1,3-BPG) and NADH 

7 1,3-BPG Conversion of 1,3-
BPG to 3-
phosphoglycerate 

Phosphoglycerate 
kinase. Makes 
one ATP. Energy 
producing step 

3-phospho-glycerate (3-
GP) and ATP 

8 3-GP Conversion of 3-GP 
to 2-GP 

Phosphoglycerate 
mutase 

2-GP 

9 2-GP Dehydration of 2-GP 
to 
phosphoenolpyruvate 

Enolase. One 
water molecule is 
removed, high 
energy phosphate 
bond is formed. 

Phosphoenolpyruvate 
(PEPy) 

10 PEPy Conversion of PEPy 
to Pyruvate 

Pyruvate kinase. 
Makes one ATP. 
Energy 
producing step 

Pyruvate and ATP 
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of carbon compounds in most cells. Its end products are carbon dioxide (a waste product) and 
high-energy electrons in the form of NADH that are passed to the electron transport chain 
(located in the inner mitochondrial membrane). 
The cycle takes place in the mitochondrial matrix, just like pyruvate oxidation, and though it 
does not itself use oxygen (O2) it does require it to proceed since the aforementioned electron 
transport chain requires oxygen it in order to rid the NADH of its electrons, regenerating the 
NAD+ needed for the cycle to keep on going. 
The cycle can be divided up into eight major steps (see figure 1.5 [42]): 

i. Acetyl CoA combines with oxaloacetate to form citrate (a six-carbon molecule), 
releasing the CoA group. 

ii. The citrate is then converted into isocitrate by first removing and then adding a 
water molecule. 

iii. Icocitrate is oxidised, releasing carbon dioxide (leaving a five carbon molecule). 
During this step NAD+ is reduced to form NADH. The enzyme isocitrate 
dehydrogenase is responsible for this and controls the speed of the Krebs circle. 

iv. The fourth step is like the third, releasing a carbon dioxide molecule and a NADH 
molecule. The now four carbon-molecule then picks up CoA, forming succinyl 
CoA (a very unstable molecule).  

v. CoA of succinyl CoA is replaced by a phosphate group that is transferred to an 
ADP molecule, forming ATP. The additional product of this step is the four 
carbon molecule succinate.  

vi. Succinate is oxidised forming fumarate. Here two hydrogen atoms are transferred 
to FAD, forming FADH2  

vii. Water is added to fumarate, converting it into malate. 
viii. Malate is oxidised, forming the original four-carbon compound, oxaloacetate, and 

another molecule of NAD+ is 
reduced to NADH in this step 
as well. Here the process has 
come full circle. 
 
It is important to remember 
that this is what happens for 
each molecule of acetyl CoA 
but every molecule of 
glucose that goes through 
glycolysis ends up producing 
two molecules of acetyl CoA 
and therefore everything has 
to be doubled in order to get 
the yield per glucose. 
Therefore, since one turn of 
the cycle yields three 
molecules of NADH, one 
molecule of FADH2 and one 
molecule of ATP, one 
glucose ends up producing a 

Figure	1.5.	The	Krebs	cycle/the	citric	acid	cycle.	Showing	the	breakdown	into	eight	
steps	and	the	resulting	products.	ATP	or	GTP	can	be	produced	in	step	5.	[42]	
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total of six NADH molecules, two FADH2 and two ATP molecules through the Krebs cycle. 
[42][45] 
 
1.3.3 Oxidative phosphorylation 
Oxidative phosphorylation  (OxPhos) is the final stage in the cellular respiration process and 
is the main reason why majority of living beings need oxygen. It is made up of two 
components, the electron transport chain and chemiosmosis and are these two closely 
connected. The electron transport chain is a series of membrane-embedded proteins and 
organic molecules that are found in the inner membrane of mitochondria and most of them 
are organised into four large complexes. Electrons are moved from one molecule of the chain 
to another in a series of redox reactions, releasing energy that is captured as a proton gradient 
or electrochemical gradient, with higher concentration of hydrogen ions in the 
intermembrane space and lower in the matrix)[42]. The energy stored in the gradient is then 
used in chemiosmosis to make ATP.  
 
The main steps in these processes are as follows: 

i. Delivery of electrons by NADH and FADH2: These reduced electron carriers 
transfer their electron to molecules near the start of the transport chain and turn 
back into NAD+ and FAD. NADH, having electrons at a high energy level, is 
very good at or very willing to donate electrons in redox reactions and thus can 
deliver its electrons directly to complex number I that then pumps protons into the 
intermembrane space. FADH2 with its electrons at a lower energy level is much 
less willing to give them away and so it feeds them through complex number II 
that can’t take them directly across the membrane and so, FADH2 generally 
contributes less to the proton gradient. 

ii. Electron transfer and proton pumping: Electrons moving down the chain are 
going from a higher energy state to a lower one, releasing energy each time. Some 
of that energy is used to pump hydrogen ions out of the mitochondrial matrix and 
into the intermembrane space, creating the necessary electrochemical gradient. 

iii. Oxygen splitting: In the end of the chain the electrons are transferred to molecular 
oxygen that splits in half and takes up the hydrogen ions, forming water. 

iv. Gradient driven synthesis of ATP: When the hydrogen ions flow along their 
concentratio gradient to go back into the mitochondrial matrix they go through an 
enzyme called ATP synthase that uses the proton flow to make ATP.[46] 

 
Table 1.3. Inventory of energy production from one molecule of glucose.															

It is in the 
chemisosmosis part 
of OxPhos that the 
importance of 
oxygen becomes 
apparent. There it 
sits at the end of 
the electron 

transport chain, waiting to accept electrons and in addition to pick up protons to form water. 
If there is no oxygen present the transport chain stops running and ATP production 
diminishes and then stops.  This scenario is detrimental to an organism since majority of all 

Step in cell. Resp Net direct product Net total ATP yield 
Glycolysis 2 ATP 2 ATP 
 2 NADH 3-5 ATP 
Pyruvate Oxidation 2 NADH 5 ATP 
Citric acid cycle 2 ATP/GTP 2 ATP 
 6 NADH 15 ATP 
 2 FADH2  3 ATP 
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ATP production comes from OxPhos. The most commonly used number to designate as the 
total ATP yield of one glucose molecule is 30-32 ATP (meaning from glycolysis, the Krebs 
cycle and OxPhos) although that is high-end estimate. It has already been established that 
two of those ATP molecules come from glycolysis and two are produced in the Krebs cycle – 
leaving 26-28 ATP molecules respectively to come from the OxPhos. That makes the 
electron transport chain one of the most vital metabolism mile stones with regards to an 
organism survival and underscores the importance of oxygen for life.  [46][42] 
 (The energy production from each molecule involved in each step of cellular respiration can 
be seen broken down in table 3. When electrons from NADH move through the chain 
approximately ten hydrogen ions are pumped from the matrix to the intermembrane so one 
NADH can yield around 2.5 ATP. Electrons from FADH2 that enter the chain at a later stage 
as already mentioned only drive around sex hydrogen ions across, which leads to 1.5 ATP in 
production [46]) 

 
1.3.4 Metabolism during osteogenic differentiation 
It has been made clear over the last years that metabolism is both greatly affected by and has 
great effect on almost every single other cellular process. Taking proliferation as an example 
– in most mammalian cells growth only occurs when it is promoted by extracellular ligands. 
These growth factors then stimulate signal transduction pathways like the PI3K/Akt /mTOR, 
a pathway that promotes anabolism and suppresses catabolism. Activating it (and other 
pathways) changes the state of phosphorylation in numerous targets that coordinate cellular 
activities building up to cell division. This change – going from rest to growth – can only 
happen if metabolism within a cell is changed via growth-factor induced signalling to meet 
the higher energy requirements needed for all the necessary reactions and if the cell is 
positioned in the right environment. The PI3K/Akt/mTOR pathway especially stimulates 
both fast increase in uptake of essential nutrients and their proper allocation into catabolic or 
anabolic pathways in order to elevate energy and macromolecule production. This is just one 
of many ways that metabolism within a cell can have affect on its fate.[41]   
It is not only the metabolism within that has an effect on the cell, its surroundings have a 
great impact on the way it operates. This is especially evident when observing proliferation 
versus differentiation of MSCs. In most laboratories MSCs are grown under so-called 
normoxic conditions, meaning that oxygen is at 20% and carbon-dioxide at about 5% - under 
these conditions all three differentiations (chondro-, adipo- and osteogenic differentiation) 
can easily be induced/initiated. It must be kept in mind, however, that this is not a realistic 
environment, in vivo conditions are not even close to being at 20% oxygen levels but are 
closer to a hypoxic level of 4%-7% and under these conditions normal proliferating MSCs 
can easily thrive. It has even been shown ex vivo in a clinical study that hypoxic condition 
where the levels are at or under 2% that expansion of human BM-MSCs is more favourable 
than under normoxia, being advantageous towards maximal cell yield [47].  
Studies under these same 4%-7% hypoxic conditions have however demonstrated inhibition 
when it comes to osteogenesis, the cells seeming simply put to not be able to turn onto that 
path. Chondrogenesis at the same time does not appear to be negatively affected, it has even 
shown to be enhanced. Building on the general knowledge about cell respiration or energy 
metabolism, like the one that previous sections listed, it has been concluded that there is 
something changing that has to do with the balance between glycolysis and OxPhos and 
reactive oxygen species (ROS) when going from a simple proliferation state to a 
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differentiated one.[48]  
If turning the focus purely to MSCs and their metabolism and its affects on their workings 
one of the most intriguing discoveries that has been made in recent years has to do with their 
mitochondrial dynamics. Accumulating evidence have gathered pointing to the fact that 
regulation of mitochondrial function and dynamics is essential when it comes to a successful 
differentiation of MSCs.  
In an undifferentiated MSC (one that is only going through expansion) glycolysis seems to 
be the main energy producing core metabolic pathway whilst OD cells seem to have 
activated the mitochondrial process of OxPhos in addition to maintaining the same levels of 
glycolysis. In consistency with their glycolytic phenotype the undifferentiated MSCs have 
high levels of hypoxia-inducible factor 1 (HIF-1) whilst their OD counterparts downregulate 
this particular factor and is this downregulation necessary in order to activate the OxPhos. 
[49] This is all in accordance with the notion that mitochondria and their dynamics are of 
significant importance when it comes to differentiation. Starting with the different way 
mitochondria are situated, in undifferentiated cells the mitochondria are mainly gathered 
around the nucleus while the OD ones tend to have them be uniformly spaced throughout the 
cytoplasm. Adding to this, the mitochondrial-to-cytoplasm area ratio increases during 
differentiation when compared to undifferentiated cells and this is not due to swelling of 
individual mitochondria but via increased mitochondrial biogenesis leading to increased 
abundance. This has been confirmed through several methods[50]. Furthermore, after 
differentiation has occurred, the mitochondria change shape. Their morphology becomes 
slender, even net-like, and OD is even accompanied by cristae development.  
As said before undifferentiated cells are mainly dependant upon glycolysis with OxPhos 
coming in as a major source of ATP when the mitochondria are activated (through a yet 
unknown process) upon initiation of the differentiation. This bioenergetics switch is very 
important for OD because it makes osteogenically differentiated MSCs more dependent upon 
oxygen. This may explain why OD cannot happen under hypoxic conditions and may even 
be something that has to be manipulated for further improvement of osteogenically 
differentiated MSC transplantation in medicine.  
Another factor well worthy of thought when considering metabolism during OD, though it is 
not directly a form of a metabolic pathway is the role of ROS in differentiation. ROS are 
oxygen-derived small molecules, that react eagerly with various chemical structures (like 
proteins, lipids, sugars and nucleic acids) and within the mammalian cell, mitochondria are 
the most important source of these molecules. For a long time they were considered as 
harmful to cells, inducing dysfunction and organismal death through destructive oxidation 
but during the last decade various research groups have emerged that believe these small 
molecules to be both necessary and advantageous for maintenance of cell function, such as 
differentiation. There is accumulating in vitro evidence that suggest excess volumes of ROS 
to impair OD and tilt cells more towards AD, via inhibition of the Hedgehog signalling 
pathway (essential for bone development and maintenance). Studies in this area have 
furthermore shown that mitochondrial-targeted antioxidants can inhibit AD, which may be 
beneficial for further clinical studies when it comes to osteoporosis.[50] 
The mitochondrial dynamics and their respective regulatory processes are supposed to be 
modulated during differentiation, leading to an altered bioenergetics profile. During OD the 
citrate synthase content is increased, as expected, and expression of glycolytic enzymes 
along with lactate yield are reduced. This points towards enhancement of the mitochondrial 



	

	 20	

three carboxyl acid cycle process. 
All of the aforementioned points show that there exists a substantial body of evidence 
showing clear indication that mitochondrial morphology and function are modulated during 
MSC differentiation and that OxPhos is much higher in OD MSCs than those who are 
undifferentiated. The molecular mechanisms that link these dynamics with the regulation of 
OD are however as of yet, poorly understood[50]. Hopefully this thesis, and this project, will 
be a part of the process that sheds some light on this lack of understanding.  
 

1.4 Developing a constraint based model via Systems Biology 
Systems Biology, a field of study that can be said to have first emerged in a shape resembling 
what it is today in the latter part of the 20th century, combines mathematical modelling, 
computational simulation and biological science in the hope to predict the behaviour of a 
holistic biological system by using the workings of its’ different individual components and 
the way they interact with each other and their surroundings[51][52].  One of its most 
prominent subjects in recent years is modelling in silico the networks of various cells, 
including the cells of H. sapiens. Given that cellular networks are highly complex there is 
more than one way that can be gone about in order to create a computational model that 
focuses on the application of interest at each time e.g.:  

i. Boolean networks: used to model signalling pathways 
ii. Ordinary differential equations: used to model metabolic pathways 
iii. Artificial neural networks: used to analyse gene expression 
iv. Constraint based modelling:  used to study metabolic, gene regulatory and 

signalling networks[53]. 
The Constraint-based modelling (CBM) formalism was used in this thesis due to its wide 
usage to study cellular metabolism and will thus be explained in more detail. CBM is based 
on stoichiometric, thermodynamic and enzyme capacity constraints and instead of giving a 
single solution they define a space of possible ones that represent different phenotypes that 
adhere to the constraints. In biology constraints can be divided up into four major categories: 

i. Physiochemical constraints (e.g. conservation of mass) 
ii. Spatial and topological constraints (define structural arrangements of functions in 

different cellular compartments) 
iii. Environmental constraints (temperature, pH and nutrient availability) 
iv. Regulatory constraints (e.g. evolutionary changes) 

 
In many CBMs the main object of focus is either conservation of mass (represented by 
steady state) or optimization of biomass function (i.e. maximizing cell growth). At this 
steady-state the rate of synthesis of metabolites or macromolecules is equal to its rate of 
depletion so there is no accumulation/degradation of materials in the network, so the amount 
of molecules present at each time immediately gives a set of boundary constraints to work 
with. The simplicity of this formulation (CBM) allows its application to genome-scale 
metabolic reconstructions (GENREs) that are made up of thousands of biochemical reactions 
that take place within an organism, tissue or a cell. In addition to that GENREs also contain 
information about the interactions between cells components like metabolites, proteins and 
genes. This is useful since it allows integration of different large scale data sets in a way that 
is quite unusual. The reconstructions can be made into computational models via additions of 
necessary information and assumptions. 
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These models, termed Genome-scale metabolic models (GEMs), are reconstructions of a 
cell’s metabolic networks where the gene-protein reactions (GPR) are noted and all reactions 
are both mass –and energy-balanced in order to make certain the stoichiometric balance. 
Different types of –omic data can be used to create GEMs, genomic, transcriptomic, 
proteomic and metabolomic (the model in this thesis was built on transciptomic data a long 
with metabolic data). GEMs that are built upon multi-omics provide more informative 
analyses that single-omic based ones.  
In order to make it possible to visualise the way metabolites are linked with each other by 
reactions, which are associated with enzymes that are again encoded by genes GEMs make 
use of a stoichiometric matrix (S matrix) to represent all the coefficients in each metabolic 
reaction. In the S matrix the ij-th element represents a stoichiometric coefficient of the i-th 
metabolite in the j-th reaction in the GEM (S is of size i*j, see B in figure 1.6). If the 
coefficient is positive then the associated metabolite is being produced, if it is negative the 
metabolite is being consumed. Additional two-dimensional binary matrix that shows 
relationship between genes and reactions is used to simplify the GPRs relationship. There 
one indicates an existing relationship between a reaction and a gene and zero if there exists 
no such association (see C figure 1.6). S is a so-called sparse matrix due to most chemical 
reactions only involving a few different metabolites. Mathematically, concentrations of all 
reactions that are to be found in a network, are represented by a vector x that is of the same 
length as the number of compounds, i.  It is important to remember that in any realistic large-
scale GEM there are more reactions than there are compounds/metabolites (i.e. j > i), 
meaning that number of unknown variables is greater than equations so there exists no 
unique set of solutions.[54] [55]  
 
GEMs have several characteristics: 

i. They are stoichiometric balanced networks, meaning that mass and energy 
balance, reduction and proton balance are all well considered 

ii. GPRs relationships are noted but not quantitatively described 
iii. They are a collection of the existing knowledge of metabolism and it is assumed 

that the network is complete (with exceptions for gap filling) 
iv. They do not include directly the concentrations of the metabolites. 

 
In addition to this, in order to simulate flux GEMs utilise Flux Balance Analysis (FBA)[55] 
FBA calculates the flow or flux of metabolites through the metabolic network in question, 
and by doing so makes it possible to predict the growth rate of an organism or production 
rate of an important metabolite (with a range of solutions). The flux through all reactions in a 
network is mathematically represented by a vector v, that is of the same length as the number 
of reactions, j (see C figure 1.6).  The aforementioned stoichiometric coefficients are the 
constraints that have been put on the flow of each reaction present in the network/model and 
this is the heart of FBA. Sometimes exact numbers are not known for reactions and in those 
cases an approximate upper and lower bound is given instead. After constraints have been 
set, the biological objective is defined. This can be biomass production if the case is to 
predict growth, biomass production being the rate at which metabolic compounds are 
converted into components of a total biomass (proteins, lipids, nucleic acids etc.).  
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This is mathematically represented by an objective function (Z = cT v), where c is a weight-
vector that demonstrates how much each reaction is contributing to the objective function 
and therefore to the phenotype (see D figure 1.6). Both the mathematical representations of 
the metabolic reactions and of the phenotype define a system of linear equations that are 
solved by linear programming through FBA. FBA can in turn be defined as the use of linear 
programming to solve Sv = 0 when given a set of upper and lower bounds on v and a linear 
combination of fluxes as an objective function. The output is then a particular flux 
distribution that either maximises or minimises the objective function (see E figure 1.6). 
There are a few algorithms that exist in order to solve these kind of systems and 
COBRAToolbox (a Matlab (Mathworks, Natick, Massachusetts, USA) toolbox available for 
free) is one of them and the one used in the model building part of this thesis. As useful as 
FBA is it is important to note that is has its limitations. Given that it does not use kinetic 
parameters it is unable to predict metabolic concentrations (although their changes can be 

             A) First step is building a metabolic network reconstruction (a list of stoichiometrically 
balanced biochemical reactions). B)  Reconstruction converted to mathematical model, forming 
matrix S (row (i) = metabolite, column (j) = reaction) C) Flux through each reaction at steady state 
given by Sv = 0. Given that j > i there is more than one possible solution to the equation. D) 
Objective function, Z, is defined with vector c indicating how much each reaction contributes to 
the objective function. When only one reaction is the obect of either max-or minimization c is a 
vector of zeros with one at position of reaction of interest. E) Linear programming used to identify 
a particular flux distribution for the objective function while observing the constraints imposed by 
the mass balance equations and reaction bounds. [51] Adapted and modified from Orth, J. D., 
Thiele, I. and Palsson, B. (2010). “What is flux balance analysis?” Nature biotechnology 28(3): 
245-248. 

Figure	1.6 
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predicted and they may indeed be estimated) and is only useful in order to measure and 
determine fluxes at a steady state. This means that unless modified in some manner, FBA 
cannot account for regulatory effects like those of activations of enzymes or regulation of 
gene expressions. This will make some of the predictions given by FBA inaccurate.[54] 
The GEMs or metabolic reconstruction in general can be divided into two categories based 
on their scope[56]: 

i. Global metabolic models: these models contain metabolic information about the 
whole organism. The most extensive global GEM that has been made to date is 
the H. sapiens Recon 3[57] (the most complete set of human metabolic network 
reconstructions that exists, built upon Recon 1, its predecessor), which is 
constantly being updated.  

ii. Context specific metabolic models: these models contain cell or tissue specific 
metabolic information and are reconstructed from existing global GEMs by 
integrating various types if high throughput data. The preliminary computational 
metabolic models that are a part of this thesis will be such a model. 

 
Both types can be generated either manually in an iterative process or automatically via 
computational algorithms.  
The fact that constraint based modelling allows large scales of data to be integrated to 
evaluate relationship between genotype and phenotype as well as evaluating phenotypes in 
the light of biological, physical, and chemical constraints makes it a very useful tool in 
projects such as was done for this thesis where the difference between cells in expansion and 
OD was of interest on one hand and what variables are having what effects during the 
differentiation process on the other. It is also a fact that since their function and usefulness is 
based on large scale data sets these data sets need to be either collected or generated if a 
COBRA model is to be built, analysed and then further curated with more data. This is a very 
important step since without useful and workable data no model at all can be generated and it 
is this step that was done in this project, along with the building of a preliminary model pair 
that will help deciding what further data is needed for future work to be done.    
 
 
 

2 Objectives 
 
The objective of this project is to characterise the glucose-lactate consumption rate during 
osteogenic differentiation and expansion of human BM-MSCs and to use those data and data 
from literature to:  

i. Design a preliminary model of metabolism during expansion and OD that can 
later be further built upon. 

ii. Design an experiment where the aim is to use liquid chromatography (LC)-mass 
spectrometry will be used to define changes in metabolomics during expansion 
and differentiation.  
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3 Methods 
 

3.1 Graphical abstract of project 
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A-C. Human BM-MSC from five donors (OD) and six donors  (expansion) were seeded from 
cryostorage in 10% PIPL medium for up to two passages. D1-D3. Cells transferred to expansion 
and further proliferation analysis (D2), OD (D3) and quality control,QC (D1). During expansion 
and during day 0 of QC cells were cultured in 10% PIPL medium whilst cells under OD and days 
7, 14 and 28 of QC were cultured in 10% PIPL osteogenic inducing medium. From cells in 
expansion and OD 0,5ml of medium was collected (E) in duplicates for ABL blood gas analysis 
(H) and liquid chromatography – mass spectrometry (LC-MS) analysis (G). Results from the ABL 
blood gas analysis were then used as data for building the preliminary computational model 
showcased in this thesis (I) with LC-MS data to be used in further experiments. J - Transcriptomic 
data, experimental data (QC results and glucose-lactate data from ABL analysis) together with 
Recon 2M.2 to build a pair of preliminary computational models (K), who were then analysed (L) 
using e.g. random sampling, flux balance analysis (FBA), flux variability analysis (FVA), MOMA 
and enrichment analysis. 
M – Models as they stand today. Will be used to organise and create further experiments that will 
generate more data needed to generate better and more enhanced model versions.			
	

Figure	3.1	Graphical	abstract	of	the	project	set	up 
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3.2 Experimental setup of cell culture 
 

 
 
Figure3.2.	Experimental	setup 
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Figure 3.2. Experimental set up. Human BM-MSC from five donors (OD) and six donors  
(expansion) were seeded in 10% PIPL basal medium for up to two passages (1.- 3.) after which they 
were transferred to expansion and further proliferation analysis (5.), OD (6.) and quality control (QC, 
4.). During expansion and proliferation, and during day 0 of QC cells were cultured in 10% PIPL 
basal medium whilst cells under OD and days 7, 14 and 28 of QC were cultured in 10% PIPL 
osteogenic inducing medium. For proliferation analysis cells were expanded for as many passages as 
possible and counted after each one. Quality control consisted of Alizarin Red (ALIRED) staining at 
days 0, 14 and 28, alkaline phosphate activity (ALP) assay for days 0, 7, 14 and 28 and evaluation of 
osteogenic gene expression for day 28 (for which RNA was isolated, cDNA synthesised and gene 
expression analysed with a real time qPCR). From cells under proliferation and OD (5. and 6.) 0,5ml 
of medium was collected in duplicates for ABL blood gas analysis and liquid chromatography – mass 
spectrometry (LC-MS) analysis (10.). Results from the ABL blood gas analysis were then used as 
data for building the preliminary computational model showcased in this thesis (11.) with LC-MS 
data to be used in further experiments.  

 
3.3 Seeding, harvesting and expanding Mesenchymal stem 

cells 
 
MSCs from each donor were seeded and cultured for up to two passages before being 
subjected to differentiation, explicit proliferation or QC. 
 
Table 3.1. Passage list for each donor at every stage of experimentation.	
Donor Passage 

unfrozen 
Amount 
of cells 
seeded 
[cells/ml] 

Proliferation 
passage 

Last 
proliferation 
passage 

OD 
passage 

QC 
passage 

D6 P3 500.000 P4 P10 P5 P5 
D10 P2 500.000 P3 P6 --- P4 
D12 P2 500.000 P4 P7 P5 P5 
D13 P0 500.000 P2 P9 P3 P3 
D14 P0 500.000 P2 P8 P3 P3 
D15 P0 500.000 P2 P5 P2 P2 
 
 
3.3.1 Seeding of cells 
Each donor (D) was started by taking cells from storage in liquid nitrogen and thawing in a 
37°C water bath. When thawed cells were transferred into warmed basal-medium and then 
centrifuged at 1750rpm/609g for five minutes in order to minimise the effects of DMSO 
(IDT Biologika Gmbh, Steinbach, Germany) preservation, DMSO is used in 
cryopreservation to prevent cell rupture. Supernatant was then discarded and cells 
resuspended in warmed medium again before being seeded into a 175cm2 culture flask. Flask 
was then immediately placed in a 5% CO2 incubator at 37°C and 95% humidity. When cells 
had reached about 90% confluency (a process taking usually about seven days), they were 
harvested, counted and then reseeded again in a 75cm2 culture flask at 6000cells/cm2  

(following same procedure as is listed in section 2.2.2) in order to give the cells more time to 
stabilise (when applicable the rest was put into cryopreservation again for further future use). 
Some donors were unfrozen in passage 0 (P0) but that was not the case in all instances. Table 
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4 shows at what passages each donor was unfrozen and the amount of cells seeded at the first 
seeding round, what passage it began its official expansion phase in, what passage the OD 
occurred in and in what passage the cells in the QC were in.  
 
3.3.2 Subculturing/expanding and harvesting of cells 
When reaching about 80% - 90% confluency the cells from each donor seeded were 
subcultured and seeded for either expansion, OD or QC. Basal medium (used for expansion 
and part of the QC) was prepared by adding 5000 IU/ml of heparin (LEO Pharma A/Sm 
Ballerup, Denmark), 1% Penicillin/Streptomycin (Gibco, Grand Island, NY, USA) and 10% 
Platelet lysate (Bloodbank, Reykjavik, Iceland) into DMEM/F12 + Glutamax growth 
medium (Gibco, Grand Island, NY, USA). This mixture will hereby be referred to as the 
basal growth-medium. The platelet lysate (PIPL) was centrifuged at 5000rpm/4975g for ten 
minutes before the supernatant being added to the medium. 
When harvested the cells were washed with phosphate buffered saline (PBS - Gibco, Grand 
Island, NY, USA) and following that were trypsinised with 0.25% trypsin (Gibco, Grand 
Island, NY, USA) in order to detach them from the surface of the culture flasks. After five 
minutes of incubation at 37°C the trypsin was neutralised by adding the basal growth 
medium, the resulting solution then transferred to 15ml plastic tube and centrifuged at 
1750rpm/609g for five minutes. The 
supernatant was then discarded and cells 
resuspended in 1 mL of the basal growth 
medium.  A 20µl example of the cell 
solution was then stained with Trypan 
blue (Gibco), mixed with 20µl PBS and 
counted with an improved Neubauer 
hemocytometer (Figure 9, Assistant, 
Munich, Germany). Cells were then 
reseeded at a density of 5000-6000 
cells/cm2. For expansion and OD cells 
were seeded in triplicates into 25 cm2 

culture flasks, for ALP and ALIRED QC 
cells were seeded in triplicates into 12-
well plates and for gene-expression QC 
cells were seeded in duplicates into 6-
well plate. Medium in all culture vessels 
was changed every 2-3 days and cells in 
expansion in 25 cm2 culture flasks were 
cultured for 7 days (on average) before 
being harvested, counted (see Formula 1) and reseeded again.  
 
!"##$
!" =  !"##$!"#$ ∗ ! ∗ !"!   (!)		

 
3.3.3 Population doubling assay 
Expansion of MSCs from D6-D15 was continued for as many passages as possible in each 
case (see table 4 to see the first and last passage of each donor) and counted at the end of 
each passage in an improved Neubauer hemocytometer (Assistant). Population doubling 
(PD) was determined from the cell counts (see Formula 2). 

 Figure 3.3 MSCs were stained with trypan blue 
and counted at the end of each passage. Cells 
were counted in all squares marked with circles 
and the average count used as the Cellsmean  in 
(1) 
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NH is the number of harvested cells at end of each passage, N1 is the number of cells seeded 

at the beginning of each passage. 
 
3.4 Osteogenic differentiation 
After two passages under regular expansion conditions cells were harvested via trypsination 
as described above, counted and then reseeded in warmed osteogenic culture medium (OM) 
at the following density: 

i. 3500 cells/cm2  (Days 7, 14 and 28 -  12-well plate – 0.75ml OM - QC) 
ii. 3500 cells/cm2  (Day 28 – 6-well plate – 1.5ml OM - QC) 
iii. 5000 cells/cm2 (OD – 25 cm2 – 5 ml OM – sample collection) 

 
OM consisted of basal-growth medium (45 ml) with the addition of dexamethasone (50 µl, 
Sigma, Missouri, SL, USA), BMP-2 (50 µl, Peprotech, Rocky Hill, USA), β-
glycerophosphate (108 mg, Sigma, Missouri, SL, USA) and ascorbic acid (50 µl, Sigma, 
Missouri, SL, USA).  Medium was fully changed every 2-3 days in all culture vessels, with 
0.5ml samples taken in duplicates from each of the 25cm2 culture flasks approximately every 
24-36 hours for the duration of 28 days. Samples were then stored at -20°C until ready for 
either ABL blood gas analysis  (ABL90 FLEX analyser, Radiometer Medical ApS, 
Denmark) or for LC-MS analysis (this analysis will be performed later in the process and so 
data from it will not be used in this thesis).  
 
3.5 Alizarin Red Staining and Quantification 
Mineralization in tissue during OD was demonstrated by Alizarin Red staining.  The Alizarin 
Red S (Sigma-Aldrich) reacts with calcium cations present in the tissue and forms an alizarin 
res S-calcium complex through a chelation process. This staining was performed for cells 
from all donors cultured in 12-well plates at days 0, 14 and 28 (all cells except the ones 
marking day 0 were cultured in OM, with day 0 cultured in basal-growth medium). At the 
appropriate day of culture (0,14 and 28) media was removed and cells washed three times 
with PBS before paraformaldehyde was added and left on for 15 minutes at room 
temperature. During that time 2% Alizarin Red S solution was mixed (200mg Alizarin Red S 
powder per 10ml H2O) and its pH level adjusted so it would keep between 4.1 and 4.3.  After 
incubation cells were washed three times with H2O (each time was for five minutes on a 
rotating shaker) before the addition of Alizarin Red solution was made (1 ml to each well). 
The cells were then incubated at room temperature on a rotating shaker for 20 minutes to 
allow the staining solution to work before being again washed four times (for five minutes 
each time) with dH2O before being dried upside down over-night. After being dried the cell 
layer had to be rehydrated by incubation at RT with dH2O overnight in order to proceed into 
the quantification step. After overnight rehydration the water was removed and 10% cetyl-
pyridinum chloride solution added to each well before incubation at room temperature on a 
rotating shaker for 15 minutes. When incubation was over the cell layer was scraped using a 
pipette tip before the resulting solution was transferred into eppendorf tubes (one for each 
well) and vortexed vigorously. Eppendorf tubes were then centrifuged at 16100g for 10 
minutes before 150µl of the resulting supernatant from each tube were transferred in 
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triplicates into a 96-well plate and the optical density measured in Multiskan® spectrum 
spectrometer (Thermo Scientific, Helsinki, Finland) at 562 nm. 
 
3.6 Alkaline Phosphatase Assay 
Enzymatic activity of alkaline phosphatase (ALP) during OD was measured by ALP activity 
assay. For all donors ALP was evaluated for cells cultured in 12-well plates at day 0, 7, 14 
and 28 (all cells except the ones marking day 0 were cultured in OM, with day 0 cultured in 
basal-growth medium). At the respective day of culture (7, 14 and 28) media was removed 
and the cells washed three times with PBS before being lysed and detached from the culture 
vessel by using 0.02% Triton-100 (Sigma) in PBS. In order to help detachment of cells from 
surface pipette tips were used to scrape the bottom of the wells before the resulting cell 
solution was transferred to an eppendorf tube and each tube then vortexed for 30 seconds for 
further lysing of the cells and resulting release of ALP. Eppendorf tubes were then 
centrifuged at 16100g for 15 min at 4°C and during that time a p-nitrophenyl phosphate 
solution was prepared by dissolving a pNPP tablet (Sigma) and a Tris buffer tablet (Sigma) 
in dH2O. The solution was then stored in the dark at 37°C until it was needed. When the 
eppendorf tubes were done with centrifugion half of the resulting supernatant was transferred 
to empty eppendorf tubes labelled for protein quantification in a BCA assay (stored at -80°C) 
and the rest was put in other similar eppendorf tubes labelled ALP. Into each of these tubes 
additional pNPP solution was added at the ratio 1:1. ALP tubes were then incubated in the 
dark at 37°C for 30 minutes or until the solution turned yellow after which 300 µl from each 
tube were transferred in triplicates into a 96-well plate and then measured in Multiskan® 
spectrum spectrometer (Thermo Scientific, Helsinki, Finland) at wavelength of 400 nm. The 
conversion of p-nitrophenyl phosphate into p-Nitrophenol in nMol/min was then calculated 
using formula 3. 
 

!"#$ !"# =
!" !",!
!"#$ ∗ !"""  (!)	

 
 
 

3.7 RNA-isolation  
Being the first step in evaluating levels of osteogenic gene expression in tissue/cells, the 
purpose of this is to isolate total RNA from it/them via usage of TRI reagent. The reagent 
simultaneously isolates RNA, DNA and protein from sample subjected to it by combining 
phenol and guanidine thiocyanate to rapidly inhibit RNase activity. This was done by first 
preparing the samples (cells grown in 6-well plates, see figure 3.2 – 4. QPCR), starting with 
removing the medium, washing the cell culture with PBS and then adding trypsin before 
incubating the culture vessels for five minutes at 37°C. After incubation the wells were 
scraped using a pipette tip and the resulting cell solution samples collected and transferred to 
a tube and centrifuged for five minutes at 1750rpm/609g. After being centrifuged the 
resulting supernatant was poured off and the cell pellet resuspended in TRIreagent (Ambion) 

OD (the mean optical density value of the triplicates of each sample, 
with value of a blank subtracted) is divided by the extinction 

coefficient (18,8) and that is then divided by the incubation time 
before being multiplied by 1000 to obtain the concentration in 

nMol/min. 
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and the cell solution was then transferred into an RNase-free Eppendorf tube. The samples 
were kept at -80°C frost until the RNA-isolation was performed. The isolation itself was 
performed in an RNase free zone and using materials that had been cleaned with RNase zap 
and water. That isolation was done by first thawing the already prepared samples and 
homogenizing them before incubating at room temperature for five minutes. After this 
chloroform (Merck, Darmstadt, Germany) was added to each sample before vigorously 
vortexing them and centrifuging (Eppendorf, Hamburg, Germany) at 12000g for 15 minutes 
at 4°C. After centrifugion the resulting supernatant was transferred to an RNase free elution 
tube before the addition of isopropanol (Merck, Darmstadt, Germany). The solution was then 
vortexed again and incubated at room temperature for eight minutes after which it was 
centrifuged at 12000g for eight minutes at 10°C. The resulting supernatant was discarded and 
75% ethanol added before another centrifugion at 7500g for five minutes at 22°C after which 
the ethanol was discarded and the RNA pellet air-dried for up to four minutes. After 
evaporation of the ethanol RNase free water (Qiagen, Hilden, Germany) was added to the 
pellet and the solution incubated in a heat block PHMT (Grant Instruments, Shepreth, 
England) for 12 minutes at 58°C.  After the heat incubation RLT buffer (Qiagen, Hilden, 
Germany) with β-mercaphtoethanol (Sigma) and 70% ethanol (Gamla Apótekið, Reykjavik, 
Iceland) were added and samples transferred to an RNeasy spin column that were placed in a 
2-ml collection tubes. The columns were centrifuged for 15 seconds at 161000g and the 
resulting flow through discarded before addition of RW1 buffer (Qiagen, Hilden, Germany) 
was made and samples put through 15 seconds centrifugion, at 161000g, again. The resulting 
flow through was again discarded and RPE buffer (Qiagen, Hilden, Germany) added before 
centrifuging for 15 seconds at 161000g, and, after placing the column into a new collection 
tube, again for one minute at the same speed (161000g). After the latter centrifuge step the 
column was placed in a new 1.5ml collection tube and RNase free water (Qiagen, Hilden, 
Germany) added before being centrifuged at 161000g for one minute to elude the RNA. 
After this step the flow through was saved while the column was discarded and the sample 
stored at -80°C until the next step of the processes was performed.   

 
3.8 cDNA synthesis  
The goal of this part of the evaluation of osteogenic gene expression was to convert the 
isolated mRNA into cDNA via enzymatic reactions involving reverse transcriptase prior to 
gene amplification and detection using the polymerase chain reaction (PCR). The isolated 
RNA samples were mixed in a new RNAse free cDNA tube (Nunc, Roskilde, Denmark) with 
a master mix (10x RT buffer, 10x Random Primers, RNase inhibitor, 25x dNTP Mix, 
MultiScribe™ Reverse transcriptase – Applied Biosystems, Foster City, CA, USA- and 
Nuclease-free H2O – Qiagen) in a 1:1 ratio. All master mix components and samples were 
thawed on ice prior to use. The mixed samples were then centrifuged with a 96-well 
adaptation for a few seconds at 2500 rpm before being put into a thermal cycler (Applied 
Biosystems) that was run under the following conditions: 

i. 27°C for 10 minutes 
ii. 37°C for 120 minutes 
iii. 85°C for five seconds 
iv. 4°C until put in -20°C freezer.  
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3.9 qPCR  
The purpose of this final step of the evaluation of osteogenic gene expression was the real-
time detection of gene expression in the prior prepared cDNA samples via fluorescence. The 
PCR was applied to amplify RUNX2, COL1A2, SPP1 as the gene of interest of the template 
cDNA-strand, determined by the choice of primers used (TBA was used as a housekeeping 
gene). The amount of the chosen sequence grows exponentially through each cycle and by 
incorporating a fluorescently labelled specific primer the quantity of the labelled PCR 
product was detected after each cycle, leaving data that was evaluated without the use of gel 
electrophoresis (reducing the experimental time). RT-qPCR analysis of the prepared cDNA 
was performed on all samples with the aforementioned genes as the genes of interest. All the 
samples were mixed using 11µl of assay solution (1 µl Taqman Assay + 10 µl Master Mix –
Applied Biosystems – one solution per sample was made) and 9 µl of the cDNA solution (2µl 
cDNA + 7 µl H2O – one solution per sample was made). 
 

3.10 Building a constraint based (COBRA) model 
 

3.10.1  Model building 
In order to build the desired models a search for the relevant transcriptomic data set(s) had to 
be conducted. This was done via ArrayExpress[58]. The data sets were chosen based on two 
criteria; firstly their relevance to the experimental conditions described above and secondly 
their coverage of metabolic genes and pathways. The following three data sets were selected 
as best meeting these criteria: 
 
				Table 3.2. List of data sets used to create the computational models 

# of set OD model, days 0-7 Expansion model, days 0-7 
1 E-MEXP-3046 [59] E-MEXP-3046  
2 E-TABM-318 [60][61] E-MEXP-858 [62] 
3  E-TABM-318  

 
The selected data sets were processed using Matlab (Mathworks, Natick, Massachusetts, 
USA). Firstly the data set IDs were converted to REFSEQ IDs using either DAVID [63] or 
the chip data from array expression in combination with Matlab. REFSEQ IDs were chosen 
since the base human metabolic reconstruction used in this case was that particular version of 
Recon 2M.2[64]. This version of Recon was chosen as it is stricter about loop removals 
resulting in more accurate models and it has implemented a computational framework that 
systematically generates information on so-called Gene-Transcript-Protein-reactions, or 
GeTPRA, that is able to identify previously unknown protein isoforms and so has more 
metabolic reactions to work with [64].  
After this step reactions relevant to glycerol-2-phosphate and glycerol-3-phosphate 
metabolism (10 reactions total, mostly found in RECON3D[57]), along with a reaction for 
the secretion of kyneurine as this was indicated by the literature [65]. These reactions were 
manually added along with their four genes to Recon 2M.2 since they are pertinent to the 
osteogenic inducing medium and vital for OD. Then boundaries were added to the model. 
Uptake and secretion rates for glucose and lactate were calculated from the measured 
glucose-lactate data described above. Other maximum uptake constraints were based on the 
ingredients listed as being in the medium. Upper bounds for secretion were set to 1000 (a 
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higher constraint is not used). This allows the “cell”/model to secrete everything but 
consume only those metabolites contained in the medium plus oxygen. 
Expression data was downloaded as present/absent calls for each ID in each dataset, these 
were grouped together to produce present/absent calls per REFSEQ ID. The data was then 
converted to scores per model reaction, present calls were recorded as +1 per present call for 
a reaction associated gene and absent calls were recorded as -1. These were summed for each 
reaction to produce a reaction expression score, those reactions with no calls were scored at 
0. In addition a selection of reactions that have been shown to be important based on the 
literature or as uptakes of medium components were given increased expression scores to the 
level of the 90th centile of the data set. 
 
The final stage in making tissue specific models used GIMME[66] (iMAT[67] and Init[68] 
were also tried however they formed models with no biomass reaction and were discarded at 
an early stage) to construct the models which were analysed against the set of literature based 
metabolic comparisons to select the best model. Two possible minimum objective fractions 
were tried, one based on the data from the literature described in the iMSC1255 paper and 
the other based on the data calculations mentioned above. The threshold value for the cut-off 
of expression data was selected to be the smallest value that ensured the inclusion of all of 
the essential reactions for each model. All pruning algorithms came from the CobraToolbox 
v2.0[69] (Matlab) and recent updates (CobraToolbox v3.0[70]) (Matlab).  

 
3.10.2  Model Analysis 
In order to find the pair of models that would yield the best results they had to be assessed 
based on known metabolic features of MSCs on both proliferation and OD that were 
obtained from the literature (a detailed list of features and values can be found in table 7.2 in 
appendix 7.4). This is easier when the models are of the same size and so both versions 
(made using the two minimum objective fractions) were merged (each expansion and OD 
pairs forming one model) with the reactions irrelevant to each model set to 0 for upper and 
lower bounds so that they could not carry flux. 
The models were then random sampled, studying the solution space (see figure 6) by 
running through it and all points have an equal chance of being chosen as a possible set of 
boundaries/constraints and given an estimate of what the appropriate possible fluxes are – 
and by so doing calculates a range of model properties and estimates their likelihood. Other 
methods that were used to study the solution space were FBA [54] that gives an optimum 
value of the chosen objective function, usually biomass production and the relevant fluxes 
and flux variability analysis (FVA)[71]. FVA calculates the very extremes of the possible 
fluxes and used to look for possible overlap between the maximum and minimum fluxes. 
Specific features known to be characteristic for MSCs in either proliferation or OD (listed in 
appendix 7.5 and some major ones in table 4.2) were assessed based on the values for these 
essential reactions in the above methods. 
The model based on the minimum objective fraction from the data collected in this project 
was selected based on these outputs (see details in the results section).  
This model pair was then subjected to MOMA[72] and the outputs from random sampling of 
the OD and expansion models to assess the metabolic differences between expansion and 
OD. The reactions identified as being altered by greater than twofold and those carrying flux 
in the MOMA solution were classed by model subsystem and gene expression rule. The 
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subsystems and gene expression rules were assessed by flux enrichment analysis in the 
CobraToolbox (Matlab) to make a preliminary assessment of those areas of metabolism and 
genes responsible for differences between expansion and OD metabolism of MSCs, and 
those needed for expansion and OD to become similar. 
 

4 Results 
 

4.1 Osteogenic differentiation and Expansion 
 

In figure 4.1 the levels of glucose and lactate (in the units mmol/L) at each time point can be 
seen over the 28 day OD period. 25 measurement points are shown since that was the highest 
common number of data points from all donors. Special notice should be taken that this 
figure does not show the rate of production/consumption, just the mmol levels at each 
measurement point. Donor 14 was not used when taking this average since the individual 
ABL blood gas measurements for that donor were inconsistent and showed very unusual 
behaviour in addition to there having been reports of low quality. 

Green line is the average glucose levels of all donors shown with SEM error bars. The blue dotted 
lines indicate upper and lower 2nd std from the average. Red line is the average lactate levels of all 
donors shown with SEM error bars. The magenta dotted lines indicate upper and lower 2nd std from 
the average. 25 measurement points were used from each donor (n=4) and each sample was measured 
in duplicate 
 
The graph in figure 4.2 shows the average change in glucose levels over the 28 day OD 
period (the difference between days in mmol/L). This indicates the amount of glucose 
consumed (in mmol/L) by the cells over approximately 24 hours. An example of how the 
numbers were obtained – if day 1 was measured to have X glucose levels and day 2 Y levels 
then the change attributed to day 2 was X-Y. Y should in theory be lower than X due to cell 
consumption of glucose and thus should give positive values when subtracted but this is not 
true in all incidences. See chapter 4 (Discussion) for further explanation. Media change has 
been accounted for. The point indicating day 1 is simply the starting value that here is 
depicted as a zero value (real value being 15,7666667 mmol/L). All donors except donor 14 

Figure	4.1	The	average	glucose	and	lactate	levels	of	all	valid	donors	used	in	OD	in	one	line 
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were taken into this average - that one was left out due to aforementioned reasons 

Bars pointing downwards indicate amount consumed in mmol/L over 24 hour period, with SEM error 
bars. 
 
The graph in figure 4.3 shows the average change in lactate levels over the 28 day OD 
period (the difference between days in mmol/L). This indicates the amount of lactate 
produced (in mmol/L) by the cells over approximately 24 hours. An example of how the 
numbers were obtained – if day 1 was measured to have X lactate levels and day 2 Y levels 
then the change attributed to day 2 was X-Y. Y should in theory be higher than X due to cell 
production/secretion of lactate and thus should give negative values. The point indicating day 
1 is simply the starting zero value (real value being 1,0333333 mmol/L).. All donors except 
donor 14 were taken into this average - that one was left out due to aforementioned reasons. 

Bars pointing upward indicate amount produced in mmol/L over 24 hour period, with SEM error 
bars. 
 
Figure 4.4 shows the levels of glucose and lactate (in the units mmol/L) at each measured 
time point over the average duration of expansion for all donors. Total of 31 samples are 
shown. Special notice should be taken that this figure does not show the rate of 
 

Figure 4.2 Average glucose consumption-change during OD for all donors over 28 day period 

Figure 4.3 Average lactate production-change during OD for all donors over 28 day period 
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production/consumption, just the mmol levels at each measurement point. Donor 14 was not 
used when taking this average since the individual ABL blood gas measurements for that 
donor were inconsistent and showed very unusual behaviour in addition to there having been 
reports of low quality. 

Green line is the average glucose levels of all donors shown with SEM error bars. The blue dotted 
lines indicate upper and lower 2nd std from the average. Red line is the average lactate levels of all 
donors shown with SEM error bars. The magenta dotted lines indicate upper and lower 2nd std from 
the average. 31 measurement points were used from each donor (n=5) and each sample was measured 
in duplicate 
 

The graph in figure 4.5 shows the average change in glucose levels over the average 
expansion period (the difference between days in mmol/L). This indicates the amount of 
glucose consumed (in mmol/L) by the cells over approximately 24 hours.  

Bars pointing downwards indicate amount consumed in mmol/L over 24 hour period, with SEM error 
bars 
 

Figure 4.4 The average glucose and lactate levels of all valid donors used in expansion taken 
into one line 

Figure 4.5 Average glucose consumption change during expansion for all donors over the total 
duration of expansion 
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Figure 4.6 Average lactate production-change during expansion for all donors over the total duration of 
expansion 

An example of how the numbers were obtained – if day 1 was measured to have X glucose 
levels and day 2 Y levels then the change attributed to day 2 was X-Y. Y should in theory be 
lower than X due to cell consumption of glucose and thus should give positive values when 
subtracted but this is not true in all incidences. Media change has been accounted for. 
 
The graph in figure 4.6 shows the average change in lactate levels over the average 
expansion period (the difference between days in mmol/L). This indicates the amount lactate 
produced (in mmol/L) by the cells over approximately 24 hours. An example of how the 
numbers were obtained – if day 1 was measured to have X glucose levels and day 2 Y levels 
then the change attributed to day 2 was X-Y. Y should in theory be higher than X due to cell 
production/secretion of lactate and thus should give negative values. Media change has been 
accounted for. All donors except donor 14 were taken into this average - that one was left out 
due to aforementioned reasons.  

                                                                                                                                                                                   
                 Bars pointing upward indicate amount produced in mmol/L over 24 hour period, with SEM 
error bars. 
 

4.2 Osteogenic differenetiation and gene expression -QC 
 
Figure 4.7 shows results from Alkaline phosphatase assay (ALP), Alizarin Red staining and 
quantification and Q-PCR for donors 6, 12, 13, 14 and 15 (only done for cells in OD). Genes 
measured were RUNX2, COL1A2, SPP1 and TBP (housekeeping gene) and the relative 
expression level/ratio calculated. Alkaline Phosphatase assay evaluates the enzymatic 
activity of alkaline phosphatase and was performed for donors 6, 12, 13, 14 and 15 at 
different time points during OD of the MSCs. Alizarin Red staining was performed for 
MSCs of the above mentioned donors to demonstrate mineralization in the tissue at different 
time points to validate OD of the cells. Gene expression levels were evaluated for donors 12, 
13, 14 and 15 by doing q-PCR. Fold change could not be calculated since there was no 
control but results compared to literature and other gene expression experiments on cells 
from the same donors showed that relative expression levels were as should be expected.  
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ALP was performed for day 0 (control), day 7, 
day 14 and day 28 (each sample was done in 
triplicates) and the average ALP activity is 
presented as nMol/min with SEM error bars. 
Alizarin Red was done for day 0 (control), day 14 
and day 28 (each sample was done in triplicates) 
and average mineralization is demonstrated as 
relative quantity with SEM error bars. Q-PCR 
was done for donors 12, 13, 14 and 15 (each 
sample done in triplicate) and average relative 
expression levels calculated and are shown with 
SEM error bars. 
 

Figure 4.7 Results from Alkaline Phosphatase 
Assay (ALP), Alizarin Red staining and 
quantification for donors 6,12,13,14 and 15 and q-
PCR results for donors 13,14 and 15 (only done for 
cells in OD) 
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4.3 Preliminary Computer Model 
 
The model pair chosen was created using the GIMME algorithm and data collected from 
projects experiments. 
 
Table 4.1. Comparison of model sizes (Rxns = reactions, Mets = metabolites, E = expansion, O = 
osteogenic differentiation, growth = growth of biomass). The literature based model shows much 
more realistic growth and growth ratio between the models, with the number of reactions and 
metabolites being about the same  
Model RxnsE MetsE RxnsO MetsO GrowthE GrowthO 
GIMME data 2733 2651 3103 2797 0.00147 0.00152 
GIMME lit 2745 2656 3114 2799 0.0289 0.0159 
 
Table 4.2. Metabolic feature list. Parameters found in literature that were used to confirm that the 
chosen  model was performing as it should – model values compared to ideal values from literature. 
Graphs displaying comparison of some of the parameter fluxes between data vs. literature model can 
be seen in figures 4.8 and 4.9. Abbreviations: GD = GIMME data, GL = GIMME literature, mfs = 
mean flux size. * The results for glutaminase are against literature findings.	
Metabolic feature GD – OD 

(mfs value) 
GD -Exp 
(mfs value) 

GL - OD 
(mfs value) 

GL – Exp 
(mfs value) 

Glutaminase* 0 0.05 0 2 
Calcium phosphate formation 0.0575 0.03 0.055 0.045 
Glucose-6-phosphate ER 
transport 

0 1.7x10-3 0 0.0065 

Indoalamine dioxygenase 3.6x10-3 1.55x10-3 5.3x10-3 1.8x10-3 
OxPhos FADH2ETC 0.015 0 0.4 0.35 
 
Table 4.3. Comparison between chosen model and the iMSC1255 model [73]  

 
Table 4.4. Enrichment analysis for random sampling, comparing fluxes between expansion and OD 
for both data and literature based model and showcasing the most significant and/or interesting 
subsystems. Only subsystems with adjusted P-value < 0.05 were considered. Number of enriched 
reactions found in subsystem/total number of reactions in a subsystem. (-- = P-value > 0.05)	

 
 
 
 
 

Model RxnsE RxnsO MetsE MetsO GrowthE GrowthO 
iMSC1255 2288 -- 1850 -- 0.034 -- 
GIMME data 2733 3103 2651 2797 0.00147 0.00152 

Subsystem D.Exp vs. Ost L.Exp. vs. Ost.   
Extracellular transp. 374/553 396/552   
Keratan sulfate synth. 54/55 26/26   
N-glycan synth. 49/57 56/57   
Fatty acid oxidation 89/125 114/121   
Chondroitin synth. 18/19 19/19   
OxPhos 1/10 3/10   
Tyrosine metab. 18/21 20/20   
Glycolysis/Gluconeog. 7/22 9/23   
Tryptophan metab. 20/24 --   
Mitochondrial transp. 109/161 --   
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Table 4.5. MOMA enrichment analysis showcasing the most statistically significant and/or 
interesting subsystems. Only subsystems with adjusted P-value < 0.05 were considered. Number of 
enriched reactions found in subsystem/total number of reactions in a subsystem (-- = P-value > 0.05)	

 
Table 4.6. Amino acid flux comparisons between models. (D.E = data expansion model, L.E. = 
Literature expansion model). Red indicates out of the comparative range, green is within range and 
orange is very near range. 
Metabolite iMSC min iMSC max D.E. min D.E. max L.E. min L.E max 
L-Arganine -0.5731 0.0458 -0.00397 0.004214 -0.00289 -0.00289 
L-Alanine -0.4017 0.0969 -0.00694 0.198491 -0.00694 0.182203 
L-Asparagine -0.1723 0.017 -0.00694 0 -0.00694 -0.00694 
L-Aspartate -0.0291 -0.0179 -0.00694 0.005826 -0.00694 -0.00694 
L-Cysteine -0.0174 0.0907 -0.01389 0.029376 -0.01389 0.028098 
L-Glutamate -0.0032 0.0962 -0.07199 0.00087 -0.03834 -0.0121 
L-Glutamine -0.588 -0.1295 -0.00694 0.013889 -0.00694 0.013889 
L-Histidine -0.0283 -0.0038 -0.00529 0.000647 -0.00282 -0.00282 
L-Isoleucine -0.0462 0.0005 -0.05833 0.001533 -0.05833 -0.00494 
L-Leucine -0.0451 -0.0089 -0.0625 0.006538 -0.0625 -0.03388 
L-Lysine -0.0201 -0.004 -0.02113 -0.00452 -0.01378 -0.01378 
L-Methionine -0.007 -0.001 -0.01667 0.0023 -0.01667 -0.00026 
L-Ornithine -0.0163 0.7115 0 0 0 0 
L-Phenylalanine -0.0215 -0.007 -0.01361 -0.00051 -0.005 -0.005 
L-Proline -0.0143 0.0975 -0.01277 0 -0.00443 0.006111 
L-Serine -0.045 -0.01 -0.02942 0.000932 -0.01624 -0.00713 
L-Threonine -0.0153 -0.0053 -0.0625 -0.00192 -0.0625 -0.00404 
L-Tyrosine -0.0254 -0.0076 -0.01656 0 -0.00128 -0.00128 
L-Valine -0.0472 -0.0211 -0.075 -0.001 -0.075 -0.00103 
Oxygen -0.5 -0.25 -0.24294 -0.00325 -2.53993 -0.06599 
Glycine -0.0109 0.168 -0.01546 0.000473 -0.01948 -0.01159 
Ammonium 0.6  6 0 0.049533 0  0.142844 
 

Subsystem D. Ost-to-Exp D. Exp-to-Ost L. Ost-to-Exp L. Exp-to-Ost 
Extracellular transp. 193/553 142/553 181/552 137/552 
Fatty acid oxidation 16/125 6/125 13/121 6/121 
Lysosomal transp. 7/88 2/88 8/88 3/88 
Glycolysis/Gluconeog. 12/22 15/22 13/23 16/23 
Pyrimidine synth. 7/8 8/8 7/8 8/8 
Pyruvate metab. -- 12/18  13/20 
Cholestrol metab. 19/27 15/27 19/25 15/25 
Peroxisomal transp. 8/94 9/94 -- 9/94 
Mitochondrial transp. 30/161 24/161 -- 27/160 
Glycerophospholipid 
metab. 

-- 17/39 -- 19/39 

Squalene & Cholestrol 
synth. 

-- 5/5 5/5 5/5 

Inositol phosphate 
metab. 

2/50 -- 2/50 -- 

ER transport 27/146 -- 24/146 -- 

Valine/leucine/isoleucine 
metab. 

1/19 -- -- -- 

OxPhos 7/10 -- 7/10 -- 

Fatty acid synth. -- -- 12/19 -- 
Nuclear transp. -- -- 6/65 -- 
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Out of 66 possible values that could be right data built model has 26 values and literature 
based has 22. Out of 22 possible reactions data built model has 14 with at least one value in 
the correct range and literature has 10. Out of 22 possible reactions data built model has 4 
with the full range in the correct range and literature has 5. So overall when the data built 
model seems again to be better. 
Figures 4.8 and 4.9 show the flux sizes for few of the metabolic features, i.e. glucose-6-
phosphate ER transport, calcium phosphate formation, indoalamine dioxygenase and OxPhos 
FADH2ETC. Both data and literature built model results are shown. 

Blue = expansion model, orange = OD model. Frequency = how often this flux size was measured 
during 5000 runs of random sampling. 

Figure 4.8 Flux sizes for glucose-6-phosphate ER transport and calcium phosphate formation. 

Figure 4.9 Flux size for indoalamine dioxygenase and OxPhos FADH2ETC 
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Blue = expansion model, orange = OD model. Frequency = how often this flux size was measured 
during 5000 runs of random sampling. 

5 Discussion 
 

5.1 Osteogenic differentiation and expansion 
 

5.1.1 Population doubling and morphology 
 

Mesenchymal stem cells, expanded from six donors (Donor 6, 10, 12, 13, 14 and 15) were 
counted at the end of every passage (varied between donors, see table 3.1 )for population 
doubling. All cells were cultured in the basal medium (10% PIPL). 
 
Morphology was examined solely visually in an inverted microscope at 50x magnification 
during expansion in the basal medium (growth medium supplemented with PIPL at 10% 
concentration). Cells showed fibroblast/spindle-like morphology as was to be expected of 
MSCs in regular expansion.	
 
5.1.2 Osteogenic morphology 

 
Development of osteogenic morphology was examined solely visually in an inverted 
microscope at 50x magnification during differentiation in the osteogenic medium (growth 
medium supplemented with PIPL at 10% concentration, BMP-2, dexamethasone, D-Ascorbic 
acid and β-glycerophosphate). During differentiation the MSCs lost their former 
fibroblast/spindle like morphology and became more cuboidal in shape. This indicated 
successful osteogenesis. 
 
5.1.3 Metabolomic data 

 
From figure 4.1 it can be seen that the glucose levels are on the whole decreasing over the 
course of the 28 days that the differentiation takes. The differentiation period can reasonably 
be divided into two phases based on the rate of change in the levels of glucose:  

– Phase 1:  goes from day 0/1 to day 15, during which the glucose levels can be 
reasoned to be almost steady if looked at the levels measured at the beginning and 
end of the phase. 

– Phase 2: goes from day 15 to day 28, during which the glucose levels drop more 
clearly. 

It can also be argued that there could be two different phenotypes going on during these two 
different phases. One that is dominant in phase 1 where the main focus of the cells may be 
the differentiation itself (and perhaps some cell death is also occurring after the shock of 
being harvested and reseeded) and a second one that is dominant in phase two where a lot of 
the differentiation has already happened and the cells are busy with enzymatic activity, on 
going mineralization and growth. This theory is supported by the lactate levels that are much 
lower during the first phase (although steadily growing) but become much higher during the 
second half and maintain those levels until the end. This supports the theory of increased cell 
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activity and thus energy need although experiments will be needed to validate if indeed there 
are different phenotypes.   
This second phase of the differentiation may be of particular interest when it comes to 
identifying novel biomarkers that indicate the level of quality of OD.    
These results will help with development of further experiments that will enhance the 
computer model and its accuracy/precision.  
It is worth mentioning that donor 14 was excluded from the average calculations since its 
level of quality in other experiments had been questionable and it showed some extremely 
unusual behaviour over the course of differentiation (see figure XX in Appendix 6.1) that 
was at odds with the behaviour of the other donors. This does however make excellent 
example of donor variation and underlines the importance of using multiple donors when 
doing experiments/projects such as this one.   
 
Figure 4.3 shows the average change in lactate levels between days during OD (measured in 
mmol/L).  The changes were calculated as follows - if day 1 was measured to have X lactate 
levels and day 2 Y levels then the change attributed to day 2 was X-Y. Y should in theory be 
higher than X due to cell production/secretion of lactate and thus the values should be 
negative. As the figure shows the values are indeed negative (the y axis has been reversed) 
and the average changes between days grow as the differentiation moves into the second 
phase – this indicates higher level of cell activity during the second phase that produce more 
lactate and further supports the hypothesis about the possibility of there being two 
phenotypes over the 28 day differentiation.  The changes in glucose levels, that can be seen 
in Figure 4.2 follow a similar trend with the average change in the second phase being 
higher than in the first one. There are some incidences during the beginning of the 
differentiation where the glucose levels seem to increase between measurements instead of 
decreasing (if day 1 was measured to have X glucose levels and day 2 Y levels then the 
change attributed to day 2 was X-Y. Y should in theory be lower than X due to cell 
consumption of glucose and thus should give positive values when subtracted). This could be 
due to measurements error since the same sensor cassette was not used in all measurements, 
the fact that unused medium was not measured for each  point of change and so the glucose 
levels measured there were not in accordance with the levels measured next time or cell 
death (that would release glucose into the medium and thus raise the measured levels). This 
could be measured using LSH assay to estimate cell death. 
 
In Figure 4.4 the average glucose/lactate levels for all donors (except donor 14) in expansion 
can be seen. The change in levels are for the most part as expected for cells during/under 
extended proliferation, with the lactate levels higher during the first few passages but 
dropping as the proliferation/expansion goes on and both cell activity and count lowers 
(fewer cells and less activity means less lactate production). The glucose levels however 
show some unexpected behaviour. For the first 15 measurements points the levels stay 
relatively steady (with expected drops as the glucose is consumed) but as the 
proliferation/expansion goes further and gets into later passages where cell count and activity 
lowers the levels suddenly begin to drop more dramatically, indicating increased 
consumption of glucose. This is unexpected since increased glucose uptake is normally 
linked with increased level of cell activity and should be accompanied by increase in lactate 
production but here it is not the case. It seems that as the cells come to a halt in their 
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proliferation they start consuming large amount of glucose without an obvious use. This 
might be worth looking at more closely to see what metabolic pathways are at work during 
this unexpected behaviour and determine how, if at all, the glucose is being utilised. This 
holds true for most of the donors used for expansion/proliferation as can be seen in figure 
7.14 in Appendix 7.1, excluding donor 14 that again behaves at odds with the others. 
 
Graphs in figures 4.5 and 4.6 show the amount of change in levels of glucose and lactate 
between measurement points in mmol/L. The glucose one is very off, all bars should in 
theory be pointing down, since cells are using glucose to multiply and grow but this is not the 
case. A lot of the bars are pointing upwards, to the negative area of the y –axis, indicating 
increase in levels of glucose between days. This can be explained by workings of glucose-6-
phosphate transporter (G6PT), an omnipresent/ubiquitously expressed protein that can be 
found in the membrane of the endoplasmic reticulum (ER) and whose primary role is to 
transport G6P from the cytoplasm into the ERs lumen to be hydrolysed into glucose and 
phosphate by G6Pase-α or G6Pase-β. Knock out experiments performed on MSCs regarding 
G6PT have resulted in increased proliferation and hindered differentiation with a notable 
metabolic shift towards glycolysis rather than OxPhos[74]. So the cells may be producing 
some of the glucose that is contributing to the elevated measured levels. Other factors that 
may explain this strange trend are possible on-going cell death or equipment malfunction 
(changing cassettes in ABL 90Flex can apparently sometimes result in skewed 
measurements, though this is the least likely explanation simply because of the time period 
over which the measurements took place). 
A notice should be given to the levels measured for the last five days, where the changes in 
glucose suddenly become much larger and indicate great increase in the cells consumption of 
it. This matches what was read from the graph in figure 4.4.  
The lactate level changes are however as should be expected for cells under prolonged 
proliferation, with high levels of production in the earlier passages and progressively lower 
levels of change as the proliferation goes into later passages and cell activity and division 
decreases.  
Again, this increase in glucose consumption coupled with decrease in lactate production 
during these final stages of proliferation is unexpected and merits further investigation in 
order to see what pathways are at work and what the glucose is being utilised for if at all and 
why they do not produce lactate as a result of this use.  
 
5.2 Osteogenic differenetiation and gene expression – QC 
 
Quality of OD in this thesis was evaluated using three different methods – Alkaline 
Phosphatase activity, Alizarin Red staining and quantification and osteogenic marker gene 
expression (i.e. runt-related transcription factor 2, secreted phosphoprotein 1 and collagen 
type I alpha 2 chain). Successful osteogenesis had additionally been observed earlier visually 
(see section 4.1.2 about osteogenic morphology) but these methods verified the levels of 
quality. 
Figure 4.7 shows the results for average evaluation of ALP activity in MSCs that were 
cultured for 7, 14 and 28 days in osteogenic media. The levels of activity are measured in the 
units nMol (p-nitrophenol)/min.  ALP activity was noticeably higher for day 7 compared to 
the control where cells were grown in basal medium instead of osteogenic medium and again 
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much higher for day 14 than for day 7. This is indicative of increase in osteoblast activity 
over time, a necessary characteristic of successful osteogenesis. The levels of activity then 
dropped between day 14 and 28.  
MSCs where cultured for 14 and 28 days in osteogenic media and then the mineralization 
was demonstrated using Alizarin Red staining. The average mineralization measured at each 
time point, including the control, for all donors can be seen in Figure 4.7. Mineralization 
was in most cases higher for day 14 than for the control (like with ALP measurements 
control cells were not grown in osteogenic medium). Staining for day 28 shows again large 
increase in mineralization when compared to day 14, indicating successful osteogenesis of 
the donors as was the case for the others. In conclusion measurements of on-going 
mineralization verified successful OD for all donors. 
 
MSCs were cultured for 28 days in osteogenic media before gene expression levels were 
measured. In hindsight a control sample should have been done for all donors in order to 
make it possible to calculate fold change instead of just relative expression levels but when 
compared to results from other gene expression experiments performed on the same donors 
under the same conditions the relative expression levels were within an expected range. 
Levels of RUNX2 were high which is good since high expression levels indicate good 
quality osteogenesis and limited differentiation towards other linages. High levels of 
COL1A2 are also indicative of good osteogenesis (the COL1A2 gene provides instructions 
for making parts of type I collagen which is an important protein that strengthens and 
supports many tissues in the body, like bone and cartilage[75]). It is important to note that 
the SPP1 levels were showing odd behaviour, coming in as very low at the end of 
differentiation when indeed they should be at their highest. This was a wide spread problem, 
similar low levels showing up in other experiments and the best hypothesis was a tainted 
SPP1 primer. Additionally results for donor 12 have been left out due to them all turning out 
as null. The most likely reasons for this are either the sample got tainted by RNAse free 
spray (used in equipment preparement) during RNA isolation and so all traces of RNA were 
destroyed or the quantity of isolated RNA and thus cDNA was not sufficient for analysis. 
The donor 12 cells cultivated for gene expression were grown in three 12-well plate wells (a 
mistake noted after the donor was done in differentiation) whilst the others were grown in 
two 6-well plate wells that give much larger quantity of cells to extract RNA/cDNA from 
and this may also have contributed to failed measurements of that donor.   
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5.3 Computational Model 

 
The aim of this part of the project was to create a pair of preliminary constraint based 
(COBRA) models, from both collected experimental data and literature, of MSCs in 
expansion and OD in order to find some points of interest that may enhance existing 
knowledge of the cells metabolism and the metabolic changes that occur when they go from 
expansion to differentiation. These models could then be used as a starting point for a pair of 
complete models by helping to design further experiments in order to make the more 
enhanced versions. 
Two pairs of model versions were built, both using the GIMME algorithm since it preserves 
biomass production while INIT and iMAT don’t and since growth is a key factor for 
expanding cells the GIMME algorithm won over the other ones. One of the model pairs was 
built by using literature data gathered from a previously published paper on the MSC model 
iMSC1255[73] and the other with experiment generated data from experiments done solely 
for this thesis.  
The version chosen to take forward was the experiment data based model. Even though the 
literature data based model gave more accurate ratios between growth of expansions vs. 
differentiation (with the expansion being larger than OD) there were other metabolic features 
that were valued higher (see table 4.2 and figures 4.8 and 4.9 for some of the metabolic 
features). It can be seen in table 4.1 that experiment-data based models give lower growth 
for both versions and OD growth comes out as larger than expansion growth. According to 
literature this should be the other way around and with expansion growth at a much larger 
value (see table 4.3 for example). This could be explained by inaccuracy when it comes to 
performing PDA. Cells were only counted every seven or so days but in order to get an 
accurate PD prediction cells should be counted every day. Otherwise it is hard to 
suppose/assume level of cell death and/or number of cells that actually attach when seeded. 
Lag time (the time it takes cells to recover from being harvested and reseeded) should also be 
considered if one wants to make an accurate PD prediction. Additionally there existed a lack 
of good dry weight estimate and the biomass components are generic. It is possible that all of 
this added up to enough of an error to give such growth as can be seen in table 4.1. It is 
likely that this aspect can be fixed via further manipulation of the model characteristic or by 
simply expanding cells again but counting every 24 hours, at least for the first 72 hours to 
make a more accurate experimental determination of growth rate and dry weight. 
The experiment-data models give good results when compared to already confirmed facts 
from literature with regards to many of the requirements or metabolic features listed earlier 
in the result section (4.3).   
Looking at the chosen model pair (based on the experiment generated data) the expansion 
model showed active flux glucose-6-phosphate ER transport while no flux was measured in 
the OD model, which is in accordance with literature [74]. Calcium Phosphate formation was 
greater in the OD model as it should be when osteogenesis is occurring, and OxPhos related 
flux of FADH2 in the electron transport chain is greater in OD model compared to expansion 
which is also in accordance with found literature [49]. Indoalamine deoxygenase (IDO), the 
most important enzyme in the kynurenine pathway, when inhibited causes strong inhibition 
of osteoblastogenesis with associated decrease in osteogenic factors [65]and so a grater flux 
of IDO should be and is observed in the OD model when compared to expansion. The data 
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based model pair seems to be overall superior with regards to these metabolic features at this 
stage.  
Glutaminase is one of the features which behaviour in the model was not in accordance with 
literature. Glutaminase catabolises glutamine into glutamate at the first step of mitochondrial 
glutamine dependent anaplerosis which is essential for MSCs when going into OD and is 
glutaminase upregulated by osteogenic induction [76]and so the flux size in OD model 
should be greater when compared to expansion but that is not the case. This could be due to 
gaps either “above” or “below” the glutaminase reaction and so nothing flows through it. 
This, along with Staeroyl CoA desaturase which had a similar issue, will be one of the things 
addressed in the next stages of model curation. 
Most important amino acids reactions, along with oxygen and ammonia fluxes are turning 
out within known flux ranges when compared to the iMSC1255 model (see table 11) or very 
near to what they should be. The experimentally generated data model pair had more actually 
fitting fluxes than the literature data based one. Even though some of them show that further 
model enhancement is needed these are promising first result and further encourage the 
choice of model.  
Through enrichment analysis of the outcome of random sampling and MOMA the most 
interesting subsystems with regards to their adjusted P-values (P<0.05) were found (see 
tables 4.4 and 4.5) and the number of enriched reaction sets out of the whole subsystem 
show the differences between the models (expansion vs. OD) and make it clear which 
subsystems carry the reactions of most interest that the models need to become similar to 
each other.  

The enriched subsystems, especially the fact that mitochondrial transport and OxPhos 
are included in the systems that have a low enough P-value, are another promising outcome 
since according to literature mitochondrial activity is measurably higher in OD cells and so 
these systems along with the others that were below the threshold P-value indicate areas of 
interest that deserve a closer look in the next curation steps in the model building process 
since the changed reaction sets and the accompanying changed gene set may give some 
interesting knowledge on what the next steps should be.  
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6 Conclusion 
 
This project was successful in creating a basis for a good metabolic data base to generate 
further metabolomic work, a preliminary pair of models were generated from the collected 
metabolic and phenotypic data representing the first seven days for cells in both expansion 
and OD. The computational models seem to possess many of the necessary qualities that 
define MSCs in expansion and differentiation and behave as is to be expected for such cells 
under aforementioned conditions (with regards to already established MSC models and up to 
a certain extent). There are still some important metabolic features and amino acid 
concentration levels that do not behave as should be when compared to literature and so 
stand as clear evidence of the need of further model curation. Glutaminase is for example a 
metabolic feature that currently is not behaving and is very important to have working 
correctly since it is one the features that gives clear indication of OD. Some of the other 
metabolic features such as OxPhos related activity behaves according to literature findings 
and given the relevance of increased mitochondrial activity and OxPhos during OD this is 
very encouraging. Other metabolic features such as IDO activity and calcium phosphate 
formation are also in accordance with literature and this, especially calcium phosphate 
formation further indicate a good preliminary model. Additionally when looking at the list of 
amino acid related reactions (see table 4.6) the chosen model pair has 14 out of 22 within an 
acceptable range. For a finished model one would want every reaction to be within range and 
so here are again aspects of the model that indicate the need for further curation but for a 
preliminary mode this is promising. Overall these results indicate a very good start on the 
data collection and model building and this is this good groundwork to build on. 
Work that needs to be done during the continuation of this project will now be touched upon. 
Time points were found in OD that seem to deserve a closer look although a cluster analysis 
will have to be done in order to get a clearer idea of where those time points lie. The possible 
phenotypes need to be confirmed, LC-MS analysis on collected media needs to be done to 
create metabolomics data (instead of just metabolic data) in order to get a more precise idea 
on what metabolites are relevant for further model curation. Endometabolomic metabolites, 
in isotope labelled samples, also need to be measured using the same method to make 
reactions within the cell (not just extracellular transport) more precise.  
LC-MS should be done on the PIPL to get a precise list of metabolites and see which are of 
interest to use in the further developed models. 
The PDA needs to be redone (or a better and more accurate counting method used) with 
harvesting and counting done every 24 hours to generate more precise numbers to use in 
calculations with regard to uptake and secretion in the units mmol/grDrweight/hour  – this is 
very important in order to try and generate a more accurate/sensible growth/biomass function 
in both models (expansion and OD).  
Generating an original transcriptomic data set will be tried since none seem to exist that 
covers the whole 28 day period that OD takes and since the time periods of most interest 
seem to be in the later part of the differentiation process. 
All this along with other projects (like performing targeted curation to ensure that the 
metabolic features highlighted in table 7 are in accordance with the literature) needs to be 
done to make it possible build models that cover the full 28 day period of OD, that go further 
into expansion, and start work on a model that covers the 14 days it takes to do adipogenic 
differentiation.  
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By doing so the probability of achieving the ultimate goal of this project, discovering novel 
biomarkers that indicate important time points in the differentiation process, becomes much 
higher. 
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7 Appendix 
 

7.1 Glucose consumptions and lactate production for all 
donors individually. 

 
Figure 7.1 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 6. The blue vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 6 was initiated in passage 4 and was expanded throughout passage 
9, over total of 48 days.  

  
Figure 7.2 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 10. The blue vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 10 was initiated in passage 3 and was expanded throughout passage 
6, over total of 35 days.  

 

Figure 7.1 Glucose and lactate levels during expansion of donor 6 

Figure 7.2 Glucose and lactate levels during expansion of donor 10 
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Figure 7.3 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 12. The red vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 12 was initiated in passage 4 and was expanded throughout passage 
7, though the activity levels were extremely low for that particular passage, over total of 32 
days. 

 
Figure 7.4 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 13. The red vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 13 was initiated in passage 4 and was expanded throughout passage 
9, over total of 39 days. 

  

 
 
 

Figure 7.3 Glucose and lactate levels during expansion for donor 12 

Figure 7.4 Glucose and lactate levels during expansion for donor 13 
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Figure 7.5 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 14. The red vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 14 was initiated in passage 2 and was expanded throughout passage 
8, over total of 42 days. 
  

Figure 7.6 shows the levels of glucose and lactate found in supernatant/medium during the 
expansion of donor 15. The red vertical lines show where medium was changed and the 
magenta coloured vertical lines show where a new passage was started (via harvesting and 
seeding of cells).  Donor 15 was initiated in passage 1 and was expanded throughout passage 
5 over total of 34 days. 

Figure 7.7 shows the levels of glucose and lactate found in supernatant/medium during OD 
of donor 6. The red vertical lines show where medium was changed over the 28 day period. 
 

Figure 7.5 Glucose and lactate levels during expansion of donor 14 

Figure 7.6 Glucose and lactate levels during expansion of donor 15 
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Figure 7.8 shows the levels of glucose and lactate found in supernatant/medium during OD 
of donor 12. The red vertical lines show where medium was changed over the 28 day period. 

Figure 7.7 Glucose and lactate levels during OD of donor 6. 

Figure 7.8 Glucose and lactate levels during OD of donor 12 
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Figure 7.9 shows the levels of glucose and lactate found in supernatant/medium during OD 
of donor 13. The red vertical lines show where medium was changed over the 28 day period. 

Figure 7.10 shows the levels of glucose and lactate found in supernatant/medium during OD 
of donor 14. The red vertical lines show where medium was changed over the 28 day period. 
As previously mentioned in earlier sections of this thesis this donor was omitted when doing 
average calculations of glucose/lactate consumptions between all donors because of its 
obviously aberrant behaviour (e.g. glucose levels ending up higher than they were when first 
seeding occurred).  

  
 
 
 
 

Figure 7.9 Glucose and lactate levels during OD of donor 13 

Figure 7.10 Glucose and lactate levels during OD of donor 14 
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7.11 shows the levels of glucose and lactate found in supernatant/medium during OD of 
donor 15. The red vertical lines show where medium was changed over the 28 day period. 

 
In figure 7.12 all the donors used in OD are showcased (including donor 14) with their 
individual lactate and glucose levels. Special notice should be taken that this figure does not 
show the rate of production/consumption, just the mmol levels at each measurement point. 
 

 
In figure 7.13 all the donors used in expansion are showcased (including donor 14) with their 
individual lactate and glucose levels. Special notice should be taken that this figure does not 
show the rate of production/consumption, just the mmol levels at each measurement point. 
 

Figure 7.11 Glucose and lactate levels during OD of donor 15 

Figure 7.12 Average values of glucose and lactate levels over 28 day period for all donors used in 
OD. 
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Figure 7.13 Average values of glucose and lactate levels over the total duration of expansion for 
each donor used. 
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7.2 Osteogenic differentiation and gene expression – QC 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 

Figure 7.14 ALP results for each donor used in 
OD 
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Figure 7.15 Alizarin Red results for each donor in OD 
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Figure 7.16 q-PCR results for donors 13, 14 and 15 
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7.3 Cobra Toolbox algorithms used in this thesis. 
	

These are the names some of the more specific codes used in the constraint based 
computational model building and analysis along with their references and original papers: 
 
Table 7.1. Codes used during building and analysis of the chosen COBRA model pair. 
Code name Original paper References 
MOMA Analysis of optimality in natural and perturbed metabolic 

networks 
[72][70] 

FBA What is flux balance analysis? [54][70]  
FVA  Flux variability analysis: application to developing oilseed rape     

 embryos using toolboxes for constraint-based modelling 
[71][70] 

GIMME Context-Specific Metabolic Networks Are Consistent with 
Experiments 

[66][70] 

iMAT iMAT: an integrative metabolic analysis tool [67][70] 
INIT Reconstruction of Genome-Scale Active Metabolic Networks for 

69 Human Cell Types and 16 Cancer Types Using INIT 
[68][70] 
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7.4 Metabolic features used or to be used in model analysis. 
 

Here a more detailed list of metabolic features that are relevant to analysis and curation of 
the COBRA model pairs can be seen, with notes on which features are already working 
correctly in the models when compared to literature and which are not (and thus will have to 
be focused on during further curation) and the article names from where the information was 
gathered along with the reference number. 
 
Table 7.2 More detailed list of metabolic features relevant to model building and curation. 
Abbreviations: MF = Metabolic feature, IATL = in accordance to literature, NIATL = Not in 
accordance to literature, AN = article name, R = reference. Red labelled features are yet to be tested. 
MF IATL NIATL AN R 
Glutaminase inhibition  x Increased glutamine catabolism mediates 

bone anabolism in response to WNT 
signalling 

[77] 

IDO activity x  The Kynurenine Pathway of Tryptophan 
Degradation is Activated During 
Osteoblastogenesis 

[65] 

G-6-P transport x  Evidence for Transcriptional Regulation of 
the Glucose‐6‐Phosphate Transporter by 
HIF‐1α: Targeting G6PT with Mumbaistatin 
Analogs in Hypoxic Mesenchymal Stromal 
Cells 

[78] 

Ammonium  x Reconstruction and validation of a 
constraint‐based metabolic network model for 
bone marrow‐derived mesenchymal stem 
cells 

[73] 

Arginine affects on exp/diff.   Arginine Enhances Osteoblastogenesis and 
Inhibits Adipogenesis through the Regulation 
of Wnt and NFATc Signaling in Human 
Mesenchymal Stem Cells 

[79] 

L-Tyrosine in medium   Oxidation of the aromatic amino acids 
tryptophan and tyrosine disrupts their 
anabolic effects on bone marrow 
mesenchymal stem cells 

[80] 

L-Tryptophan uptake   The Kynurenine Pathway of Tryptophan 
Degradation is Activated During 
Osteoblastogenesis 

[65] 

Oxygen x  Reconstruction and validation of a 
constraint‐based metabolic network model for 
bone marrow‐derived mesenchymal stem 
cells 

[73] 

Stearoyl-CoA desaturase   x Overexpression of stearoyl-CoA desaturase 1 
in bone-marrow mesenchymal stem 
cells increases osteogenesis. 

[81] 

Amino acid flux and 
concentration (from table 
11) 

x x Reconstruction and validation of a 
constraint‐based metabolic network model for 
bone marrow‐derived mesenchymal stem 
cells 

[73] 

OxPhos x  a. The metabolism of human mesenchymal 
stem cells during proliferation and 
differentiation 
b. Energy metabolism in mesenchymal stem 
cells during OD  
c. The role of mitochondria in osteogenic, 
adipogenic and chondrogenic differentiation 
of mesenchymal stem cells 

[48] 
[49] 
[50] 
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Glossary 
 

Scaffold  A scaffold is an artificial three-dimensional frame structure (material can be 
natural or synthetic) that serves as a mimic for cellular adhesion, migration, 
proliferation and tissue regeneration in three dimensions (most often). An ideal 
scaffold for tissue engineering should be highly biocompatible and not elicit 
immunological or clinically detectable foreign body reaction. It should be highly 
porous to allow cell growth and waste/nutritional transport. Have suitable 
surface chemistry to allow cell attatchment, migration, proliferation and 
differentiation. It should be biodegradable or resorbable. It should have 
appropriate mechanical properties of the target tissue. It should have a bioactive 
surface to encourage faster regeneration of tissue.  

 
PGA Polyglycolide, an absorbable polymer used in scaffold construction such as 

sutures and meshes 
 
PLA Polylactide, an absorbable polymer used in scaffold construction, such as 

sutures and meshes. 
 
OD Osteogenic differentiation. When mesenchymal stem cells go from being 

multipotent to a specialised tissue cell, in this case mature functionally active 
osteoblasts. 

 
Multipotent cells 

Cells that can develop into more than one cell type, but are more limited than 
pluripotent cells 

 
Pluripotent cells 

Cells that can give rise to all of the cell types that make up the body.  
Embryonic stem cells are considered pluripotent. 

 
Metabolic data  

Data covering one or two possible metabolites 
 
Metabolomic data 

Data covering multiple metabolites of interest. 
 
Hypoxic environment 

An environment with oxygen levels between 2-7% (similar to what may be 
found in the body) 

 
Normoxic environment 

An environment usually used in wet labs for cell culturing, with 20% oxygen 
levels. 

 
Liquid chromatography–mass spectrometry (LC-MS)  

LC-MS is an analytical chemistry technique that combines the physical 
separation capabilities of liquid chromatography (or HPLC) with the mass 
analysis capabilities of mass spectrometry (MS). 
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Exometabolic Metabolites located extracellular 
 
Endometabolic Metabolites located intracellular 
 
Cell apoptosis The death of cells which occurs as a normal and controlled part of an 

organism's growth or development. 
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